Gx iapnis 
UNIOLASTTATES 


Digitized by the Internet Archive 
in 2023 with funding from 
University of Alberta Library 


https://archive.org/details/Rossiter1984 


THE UNIVERSITY OF ALBERTA 


RELEASE FORM 


NAME OF AUTHOR MARIE ROSSITER 


~~ 


PLT eOe STE Bodo THE EFFECT OF DIABETES, PHYSICAL TRAINING, 
AND MAGNESTUM REGULATION ON ATPASE ACTIVITY 


IN THE HEART. 


DEGREE FOR WHICH THESIS WAS PRESENTED MASTER OF SCIENCE 


YEAR THIS DEGREE GRANTED 1984 


Permission is hereby granted to THE UNIVERSITY OF 
ALBERTA LIBRARY to reproduce single copies of this thesis 
and to lend or sell such copies for private, scholarly, 
or Bcientific research purposes only. 

The author reserves other publication rights, and 
neither the thesis nor extensive extracts from it may be 
printed or otherwise reproduced without the author's 


written permission. 


Pree] AN8a 


- SOURED, Meradate ve Set sage © AIT 
Ovresah @2aurs oO whttenaks is er 
PEL oT 


CwIDe {2 etre ease eh Ri at> Oe aes aay 


THE UNIVERSITY OF ALBERTA 


THE EFFECT OF DIABETES, PHYSICAL TRAINING, AND MAGNESIUM 


REGULATION ON ATPASE ACTIVITY IN THE HEART 


by 


MARIE ROSSITER 


PoAHESTS 
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH 
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE 


OF MASTER OF SCIENCE 


FACULTY OF PHYSICAL EDUCATION AND SPORT 


SPUDIES 


EDMONTON, ALBERTA 


SPRING, 1984 


haat yt or 
KATE Gen. FoNGy Te ATutinD i VTA tet CroUaTT indie 7 
Sakosg avr AON ATMA yp aA Serie Tele Ut: JADTRAT RE a 
Janatge, {NAP % 7 


THOAS GA PTAs 4912 29 FT 
#20 aut? 


Arosa, WOTHOMS > 
cert: Saru 


THE UNIVERSITY OF ALBERTA 


FACULTY OF GRADUATE STUDIES AND RESEARCH 


The undersigned certify that they have read and 
recommend to the Faculty of Graduate Studies and Research, 
for acceptance a thesis entitled The Effects of Diabetes, 
Physical Training, and Magnesium Regulation on ATPase 


Activity in the Heart. 


submitted by Marie Rossiter 
in partial fulfilment of the requirements for the degree of 


Master of Science. 


ABSTRACT 


Diabetes is characterized by depressed cardiac functional properties 
attributed to altered Mgt2 control resulting in a lowered 
Catémgté myotiory| “AfPase “activity of “cardiac tissue. Thus, 
the purpose of this study was to observe if the cellular changes 
associated with diabetes can be ameliorated with training. Diabetes 
was induced with a single I.V. injection of streptozotocin (60 mg/kg). 
Blood and urine glucose concentrations were 802 + 44 and 6,965 + 617 
mg/dl respectively. The training control (TC) and training diabetic 
(TD) animals were made to swim (+3% body weight) 4 days/week for 8 
weeks. Cardiac myofibril ATPase at 10 uM free Ca’= and increasing 
Mgt, concentrations were reduced by 45, 45, and 50% in the 
sedentary diabetics (SD) compared to sedentary control animals (SC) 
(9.0.05) Swim training enhanced the ATPase activities at all 
Mgt2 levels for TC while the myofibril ATPase activity at all 
Mgt concentrations was not altered in the JD group. The Mg*2 
Stimulated myofibril ATPase activity was similarly reduced in 
diabetics at all Mgt concentrations (p<0.05). Increasing 
Mgt2 concentrations (0.04-10.0 mM) resulted in an elevated ATPase 
activity for SC and depressed ATPase activity in TD animals and had no 
effect on the cardiac myofibril ATPase activity for TD or SD. The 
results suggest that the depressed myofibril ATPase activity of 
diabetic hearts Ws a function of Mgt2 regulation, and that 


swimming does not alleviate this depression. 
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Figure ; d 
1. Cat@-mMgt2 myofibril ATPase with Diabetes 


ic Mg*2 ATPase of Control and Diabetic Cardiac Muscle 


3. Cat@-mgté Stimulated ATPase Activity in Control, 
Diabetic and |rained Hearts. 


4. Refractory State Model 
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INTRODUCTION 


The greater incidence of myocardial infarction in controlled diabetes 
mellitus has traditionally been considered to be due to an enhanced degree 
of atherosclerotic plaque formation in the coronary arteries (Kessler, 
1971; Braunwald, 1980). However the results of recent investigations 
suggest that a primary myocardial defect may be involved particularly in 
light of the observation that cardiac dysfunction and failure may occur in 
the absence of significant atherosclerosis (Vihert et al, 1969; Ledt, 1968; 
Ledt, 1976; Regan et al, 1974; Regan et al, 1977). Epidimological (Kannel, 
1978), clinical (Regan et al, 1977; Ahmed et al, 1975; Rubler, 1976) and 
pathological (Hamby et al, 1974) studies suggest the existence of a 
diabetic cardiomyopathy independent of atherosclerosis, coronary artery 
disease, hypertension, or valvular disease. 

The cardiomyopathy of diabetic patients without occlusive lesions 
results in a reduced stroke volume and increased endiastolic pressure, 
concomitant with an increased stiffness of the ventricular walls (Regan et 
al 4119742 URegan jets als. 1972). With streptozotocin induced diabetes a 
prolongation of isometric relaxation time, a decrease in the negative rate 
of ventricular pressure change (dp/dt), and a delay in reaching peak 
isometric and isotonic relaxation rates have also been observed (Strobek et 
al, 1979; Fein et al, 1980; Penparkgul et al, 1980b; Ingelbretson et al, 
1980). 

Since there is a positive relationship between myosin ATPase activity 
and the velocity of ventricular muscle contraction, these physiological 
alterations may be related to biochemical indices of contraction (Hamrel] 


and Low, 1978). Biochemical evidence indicates that cardiac tissue from 


Ee 


aoa 


se te Hiioms narZN we UW al aR 
penne eee mule oe wh sid fms a aid eitaholatbens & 
vietaza®) embresin pati ang ri pOtTe o augte te F ~ 


(‘oy 
santivgtipeent 790s. “4p edivem. old apvawort (088 lea 
et yinatoyt ine bavigwn! od yen 199786 Pe vuemiia & Fo | 


— 


nt Wwose yam oryl Te? bop anigonitayh s8ftiéa tet) notaeweetio ang re > 
smped dba! (eve! feds sanlhy) Pteonstocutatss Ines Maat. Te womerdt oty 
pfonne®) ThovgetomPhtgd .( VOL fe fe qopat (Aes -t os neuen janet J 
bee (O08r ,ceTda® <20P1 ie. Jo tenth GAVEL 46 39 Oyen) testatls +a 
® Yo eonezetus on? Jespeve 2orbusz (OVCL , lb te» dined) (satgote : 
yrerte yrsngioo .@facrsioeotsnye YO cnshnsqebnt  ydleqowmel ives atieds 
armsetb Tahivievy 10 pentane sagt s2evetD. 
enotasl 4vtewlooo zuoddtw ztesbieg atssdnth to Gitaqaymetbyao SAT 
eereredw shidzestinn beays7%l One sito’ soos? AeouowT & MW eatye 
ge cgyed) 2ilay selvoriiney aii to zeantitde Deen Int m6 ate sin? oor 
% wetodety boowhel ntactosengante Wik | (NUCL. ie Jd, bee. ;eVOL f , 
ote ovijapen sity nl aensiwell 6 ,omts noitexeics or isnpet Yo. ner Ingne " 
dooq. prifiosen ni yeteb © dna ,{0\qh) soni sovezste Ielosisdney 
fo dodovwl2) bevels aset o¢!s over zate” no texeiay stnosoet bom d 
ft) 28 noadendhaprt -7408RL,, 1s 28 fupwrsgnet: j08eL , fo to ofot (Rte ia 
QUivEIoA S2FTA oFeowe. nesHited aianolsRfeh Brin ze # ef SAR Some 
leoapotataydg genni noi sonvtnos teu BARalntony 1e sabhosaed ans 
\Etevnas) nok iowim> Ye anatun) \s2tWhiSUTe et Ueto sr. ad | 
: oe 


= 


diabetic animals show depressed myosin, actomyosin, and myofibril ATPase 
activity (Malhotra et al, 1981; Dillman, 1980; Pang and Weglicki, 1980; 
Pierce and Dhalla, 1981), but whether this depressed ATPase activity is due 
to an alteration in the structural and or regulatory factors associated 
with the ATPase activity is speculative. 

Since the dependency of cardiac myofibril ATPase activity on free 
Cat Jevels is not altered with diabetes (Pierce and Dhalla, 1981) a 
possible explanation for the depressed ATPase activity may be Mg*t2 
control of the myofibril protein system. At the cellular level, muscle 
cCOnEraction 1S  iwhittated by cate binding to the low affinity (Cate 
specific) binding site of Troponin C (Tn-C). Through interaction with the 
other regulatory proteins this Cat binding results in a change in the 
structure of the actin-tropomyosin containing thin filament that allows 
actin myosin interaction to take place (Mannherz and Goody, 1976). The 
degree of actin myosin interaction is often measured by the activity of the 
myofibril ATPase enzyme which catalyzes the hydrolysis of ATP allowing the 
actin filament to slide over the myosin filament (Huxley, 1972). Several 
studies (Kerrick and Donaldson, 1975; Solaro and Shiner, 1976) have shown 
that as the free Mg*t2 concentration is increased the Caté 
concentration required to activate tension development or myofibrillar 
ATPase is increased. Cardiac Tn-C contains three binding sites, two which 
have a high affinity for Caté (Kea 5x104 m-l) and also bind 
Mgt@ competitively (Kmg 5x104 Ml) termed the 
Cat2_mgté sites and one regulatory site with a low affinity for 
Cat2 called Cat2 specific sites (Kca 5x106 m-1), Because 
Mgt2 does not bind directly to the low affinity Cat? specific sites 


even at high concentrations, it has been determined that increased Mgt2 
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concentrations may affect the affinity of the Gat’ siites for Cate 
rather than a direct competition between the two jons (Potter et al, 1981). 
Since electron micrographs of myofibrils from diabetic hearts revealled 
that there is less thin filament material (Giacomelli and Weiner, 1979), it 
is of interest to observe whether the changes in the contractile properties 
of the diabetic heart are related to a change in the biochemical indices of 
cardiac muscle contraction namely Mg*té regulation of the myofibril 
protein complex. 

Myofibril ATPase activity is adaptable to demands placed upon the 
heart. For example, cardiac myofibril (Baldwin et al, 1977; Rupp, 1980; 
Hearne and Gollnick, 1961), myosin (Bhan and Scheuer, 1975, Penparkgul et 
al, 1980a; Medugorac, 1975; Wilkerson and Evonuk, 1971), and actomyosin 
(Guisti et al, 1978; Penparkgul et al, 1980a; Bhan and Scheuer, 1972; 
Malhotra et al, 1976) ATPase activity have been enhanced with training 
programs. These biochemical changes are associated with physiological 
improvements in ventricular function as measured by increases in cardiac 
output (Penpargkul and Scheuer, 1970), Vmax (Bhan and Scheuer, 1972), and 
max dp/dt (Schaible and Scheuer, 1979), negative dp/dt (Bersohn and 
Scheuer, 1977), and tension output (Tibbits et al, 1978). 

The cellular adaptation of cardiac muscle to exercise seems to be 
related to the type and amount of exercise performed. Both moderate and 
intense swim programs lead to significant (17-56%) increases in ATPase 
activity while only the very intense bouts of treadmill exercise show 
very minimal increases in the cardiac ATPase activity (Baldwin et al, 1977; 
Resink et al, 1981; Penpargkul et al, 1980a), indicating that distinct 
differences may be apparent concerning the stress that running and swimming 


place on the heart. 
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Since the cardiac myofibril ATPase activity is adaptable to demands 
placed on the heart, the purpose of this investigation was to determine if 
the cardiomyopathy observed in chemically induced diabetes associated with 
depressed ATPase activity can be ameliorated with physical training, and to 
observe the effects of Mgt2 on the activation of Cat@ and Mgt@ 
dependent myofibril ATPase activity from the hearts of diabetic and swim 


trained animals. 
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METHODOLOGY 

Animal Care 

A total of thirty four male Wistar rats (200g) were obtained from 
Woodlyn Farms Ltd., Guelph Ontario. The animals were housed in individual 
cages and fed a diet of Purina Laboratory Chow and water ad libitum. They 
were subjected to a controlled environment (temperature 20+ 1° C; humidity 
35+ 3%) and maintained on a reverse day night cycle of twelve hours with 
the dark period lasting from 8 a.m. to 8 p.m. All training and laboratory 


activity took place during this time. 


Experimental Design 

The animals were randomly assigned to one of five groups; sedentary 
control {SC), sedentary diabetic (SD), training control (TC), diabetic 
training (DT), and a fourteen day diabetic control group. The training 
program for the exercise groups consisted of a progressive swim program 
four days per week, in water maintained at a temperature of 33+ 1°C. To 
increase the intensity of the training session, lead weights equal] to three 
percent of their body weight were attached to their tails. The animals 
were familiarized with the program for fifteen and twenty minutes on day 
one and day two respectively with the swim time progressively increased to 
a final swim time of ninety minutes by the eighth and final week (Table 
ae 

Diabetes was induced by streptozotocin (60 mg/kg) prepared in a 
citrate buffer (ph 4.5) injected intravenously into the penal vein of ether 
anesthesized fasted rats. The control animals were injected with an equal 
volume of citrate buffer. Diabetes was assessed one, four, and eight weeks 
following the injection by collecting 5 ul of blood from the tail vein 


into a heparinized capillary tube and performing plasma glucose 
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determinations in duplicate on the YSI Glucose Analyser. In additon, urine 
glucose values were obtained at four and eight week intervals. Dilution 
factors (distilled water) for the plasma and urine glucose determinations 
were 6 and 21 times the volume of blood utilized (1.0 ul). Criteria for 


diabetes was a glucose concentration above 450 mg%. 


Tissue Sampling 

Forty eight hours following the final training session the animals 
were sacrificed by decapitation, exsanguinated and the cardiac muscle ex- 
cised (Belcastro et al, 1983). Once removed, the heart was rinsed in cold 
Saline, both ventricles were dissected from the remainder of the heart and 
trimmed of all visible fat and related tissue. The ventricular mass was 
weighed, frozen in isopentane, cooled by liquid nitrogen, and stored at 


-70°C for determination myofibril ATPase and Calcium binding activity. 


Myofibril Isolation 

The cardiac tissue was homogenized with a Polytron Pt-10 for twenty 
seconds in twenty volumes of 0.039 M Sodium Borate, 25 mM Potassium 
Chloride, 5 mM Sodium Ethylenediamine Tetracetate (EDTA) and centrifuged at 
1000 xg for ten minutes. The supernatant was discarded and the muscle 
pellet resuspended and recentrifuged in the same solution. Following 
centrifugation the 1000 xg pellet was resuspended with a Borate-Tris buffer 
and prepared for ATPase determination by washing the pellet twice. 
Following resuspension, small (0.1 ml) aliquots were taken for protein 
determination in quadruplicate (Lowry et al, 1951) and the myofibril 


fraction adjusted to two milligrams of protein per milliliter. 
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Myofibril ATPase Determination 

Myofibril ATPase activity was carried out as described by Goodno et 
al (1978). The reaction mixture contained 100 mM KCL, 4 mM LRA Sie ee odes Oe. 
or 10.0 mM MgClo, 10 uM free Cat@, and 0.5 mg/ml of myofibril 
protein. The reaction was started with the rapid addition of 5 mM MgATP to 
the sample, mixed thoroughly, and allowed to incubate for 5 minutes at 
30°C. The reaction was stopped by the addition of 20% cold TCA. The 
samples were centrifuged at 1000 xg for ten minutes to precipitate the 
protein. The supernatant was used for determination of inorganic phosphate 


(P;) carried out in quadruplicate by the method of Taussky and Shorr 


(1953), and expressed as (umol p;-1 -mg-! +«min-1), 


Calcium Binding 

Cat2 binding by the myofibril protein was carried out by the 
modified method of Solaro and Shiner, (1976). A 3 ml volume consisting of 
working solution (NagATP, KCI, MgClo, NaCl, pH 7.0), suspension medium, 
Cat2 binding solution (5uM free Cat2, EGTA, imidazole, pH 7.0), and 
cat (1.25 uCi) was mixed and preincubated for three minutes at 30°C. 
The reaction was stopped by filtering the solution through a Millipore HAWP 
- 0.45 micron filter. Small aliquots (0.1 ul) of the filtrate was utilized 


for final Cat2 binding determination. 


Statistical Design 

Mgt2 ATPase activity  (umol Pyemg-l+min-!) of Sc, SD, 
TC, and DT groups incubated in either 10 um Cat2-EGTA or EGTA at 
varying free Mgt2 concentrations was anaylzed with a three way analysis 


of variance (2x2x3) . Any statistic displaying a significant F value 
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was further tested through a one way ANOVA. Significance among F values 
was determined through the Student- Newman-Keuls post hoc test. 

One-tailed t tests were used to determine significant differences 
between the groups for Mgt? ATPase activity with the varying Mg*2 
concentrations. Stantireant ditrerences were determined at a 95% 


confidence interval (p7 0.05). 


Table I: Training Schedule of Endurance Trained Rats (in minutes, 3% 


Bi attecned to tails) 


Week Mons es. Wed. Thurs. ot eee Se Sun. 
1 L5 20 Rest 25 30 Rest Rest 
2 30 35 Rest 40 45 Rest Rest 
3 50 55 Rest 60 65 Rest Rest 
4 65 65 Rest 70 70 Rest Rest 
5 70 70 Rest 75 75 Rest Rest 
6 70 70 Rest 75 /5 Rest Rest 
7 15 80 Rest 19 75 Rest Rest 


8 85 85 Rest 90 90 Rest Rest 
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LIMITATIONS OF THE STUDY 


1) This study utilized animals with uncontrolled diabetes as opposed to 
diabetes controlled by daily insulin injections. Since most forms of 
human diabetes are now controlled via insulin injections it would be 
beneficial to to add a sixth group to the study with controlled 


diabetes. 


ine) 
— 


Male Wistar Rats were utilized in this study as opposed to human 
Subjects. It is difficult to extrapolate the results gained from 
animal studies to man due to differences between the two species in 
metabolism, circulatory parameters, and exercise patterns. 

3) Strain differences and the origin of the strain must be taken into 
consideration since some strains are more suceptable to the 


diabetogenic effects of streptozotocin (Ganda et al, 1976). 


DEFINITIONS 


DIABETES MELLITUS A familial constitutional disorder of carbohydrate 
metabolism characterized by inadequate secretion or utilization of insulin 
by polyuria and excessive amounts of sugar in the blood and urine, and by 
thirst hunger and loss of weight. 

DIABETES INSIPIDUS A disorder of the pituitary gland characterized by 
intense thirst and by the excretion of large amounts of urine. 


STRESS The response of the body to a particular stimulus. 
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UNCONTROLLED DIABETES The diabetic condition that is not controlled by 
medication. 
CONTROLLED DIABETES Ihe diabetic condition that as “controlted “by 
medication. 


ACCURACY Degree of conformity of a measure to a standard or true value. 
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RESULTS 


Heart and Body Weight 

Heart weight and body weight values for the experimental groups are 
presented in Table II. The body weights and left ventricular wet weights 
were lower in diabetic than in control animals with the heart weight to 
body weight ratios (HW/BW) substantially higher in the diabetic group 
(p< 0.05). At the end of eight weeks of swimming the body weights were 
greater in the sedentary than the conditioned rats. Heart weights did 
not differ between the two groups and the HW/BW ratios were higher in the 
conditioned groups (p< 0.05). No changes in these parameters were 
apparent between the diabetic sedentary and diabetic trained groups. 
Plasma and Urine Glucose 

Plasma and urine glucose values are shown in Table II for the SC, 
DT, and SD groups. Samples were not taken from the TC group since all 
control animals have approximately the same urine glucose values 
regardless of training. Blood glucose values rose to diabetic values 
within two weeks post injection and remained stable for the duration of 
the experiment (p< 0.05). At the end of the experimental period blood 
and urine glucose values were approximately six and nineteen times higher 
than control values respectively. At the completion of the study there 
were no significant differences between the diabetic sedentary and 
diabetic trained groups. 
Effects of Diabetes on Myofibril ATPase Activity 

Cardiac myofibril ATPase activity was depressed (p< 0.05) in 


preparations from hearts of diabetic animals at the three Mgt2 
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concentrations in the presence of 10 uM Caté (Faure: The cardiac 
myoTi brit ATPase sactivity was teduced/by 45. 45, and  5D% sat 0:04, 1.0, 
and 10.0 mM Mgté in diabetic) hearts) compared totcontrolis (p< 0.205). 
There was a significant reduction in myofibril ATPase activity for both 
control and diabetic animals when the Mg*2 concentration was 
increased from 0.04 to 10.0 mM Mgté with the differences greater for 
the diabetic (25%) compared to the control (16%) animals (p< 0.05). The 
Mgt2 stimulated ATPase activity (independent of Caté) was simil- 
arly depressed in diabetic animals at all Mgt2 concentrations (p< 
URL Increasing Mgt2 concentrations (0.04 - 10.0 mM) resulted in 
ant PievatedmAl hase activity: for normals irom 034 450-7004 to 0l042) 3, 
0.004 umol inorganic phosphate(P;).mg~L+min-!, For diabetics 
comparable “activities were 0.021 + 0.005 to 0.020 + 0.004 wumol 


Piemg-t-min-l. (Figure II). 


The Effect of Swim Training on ATPase Activity 

Myofibril ATPase activity was increased by 25% in trained hearts at 
0.04, G0 and 10°50. mM Mgt2 when compared to control hearts (p< 
0.05) (Figure III). There was a significant decrease in myofibril ATPase 
activity in the sedentary and conditioned hearts when Mgt 
concentration was increased from 0.04 to 10 mM Mgt? (p< 0.05) with 
the differences being slightly greater for the trained animals (21%) 
compared to the controls (18%). Conversely, there was no change in 
Mgt2 stimulated ATPase activity between trained and control animals 
nor was there any difference when Myt2 concentration was increased 


from 0.04 to 10 mM Mgté, 
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The Effect of Swim Training on ATPase Activity in Diabetic Animals 


Myofibril ATPase activity was significantly depressed in diabetic 
trained animals at 0.04 and 1.0 mM Mg*?2 with no apparent change at 
10 mM Mgt2 te< 0205) {Figure . ii): AS Mg*2 concentration 
increased from 0.04 and 1.0 mM to 10mM Mg*t2 a significant 
depression of myofibril ATPase activity was observed in the diabetic 
trained and diabetic sedentary hearts. Tne Mgt2 Stimulated ATPase 
activity decreased by 12.5% in the diabetic training group at 0.04 and 
1.0 mM Mgt with no changes found at 10 mm Mgt2, Increasing 


Mgt?2 concentration from 0.04 to 10mM Mg*2 did not affect the 


ATPase activity in either group. 


Calcium Binding 

There were no significant changes in Cat2 binding between the 
four groups at 0.04 or 1.0 mM Mgt2 although Cat? binding 
values for the training diabetic and training control groups were 


Slightly but not significantly higher than their control group 


counterparts. (Table III). 
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Table Il: General Features of the Experimental Groups 


SE See et ee ee ere: | Lever ae) Seat 


Body Wt. (gr) 468 + 22*° 406 + 7 300.+16 287+20 


Heart Wt. (gr) 1.15 + 0.05* 1.14 + 0.036 0.87 + 0.046 0.819+0.057* 


HW/ BW 265. Fo Ue Bese ta Ure 2.9 + 0.144 bad A 08 

Plasmacidete 1264 30°00 | See=e 910 + 76° 748 + 32. 
(mg/dt) “4A 12630 eee 687 + 38 742 + 73 

ee 758 + 43 688 + 40 

Urine Glu. 8 SY es Visye 9 Seas 620574 923 6886 + 922 

Se UC) eee ee ae, a ee ree rn OS eh ae 

2 t= SUVS. he 

Pica SOU 

© = SD vs DT 


Table III: Calcium Binding Data 


_ Group 0.04 mM Mg Range 1.0 mM Mg Range 
cee 2.98 BES eS 2.2-2.4 
SC 2.43 LQ=259 yn) 2.0-2.4 
DT 2.0U 2.4-2.7 2.80 2.3-3.4 
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Myofibril ATPase (umol-Pi.mg-1.min-1) 


Prgure 1; 
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DISCUSSION 


The lower heart weight (HW), body weight (BW), and higher heart 
weight to body weight ratios (HW/BW) observed in the diabetic animals 
is In general agreement with other studies (Penpargkul et al, 1980b; 
Pierce and Dhalla, 1981; Malhotra et 41, 1981). With regard to 
Swimming, the decrease in BW, and increased HW/BW ratio, with no 
change in HW is in agreement with other swim training studies (Bhan 
and Scheuer, 1972; Malhotra et al, 1976; Penpargkul and Scheuer, 1970; 
Bersohn and Scheuer, 1977; Oscai et al, 197la). The decreased body 
weight of the conditioned animals responsible for the increased HW/BW 
ratio observed in this study is probably due to the decreased food 
consumption usually observed throughout the course of an exercise 
program (Nance et al, 1977). Blood glucose values reached diabetic 
levels (682+97 mg/dl) within fourteen days. Previous studies have 
Shown that following the injection of streptozotocin blood glucose 
values rose to greater that 400 mg/100ml] within twenty four hours 
(Malhotra et al, 1981; Penpargkul et al 1980b). The plasma glucose 
values (758 - 910 mg/dl) were higher when compared to other studies 
(Pierce and Dhalla, 1981; Penpargkul et al, 1980b; Penpargkul et al, 
1981; Malhotra et al 1981), possibly due to the different injection 
sites and/or animal species utilized. It may be possible that a 
greater percentage of streptozotocin is absorbed through the penal 
vein when compared to the tail vein injections, however the extent of 
diabetes as measured by blood glucose does not appear to be related to 


the degree of cardiomyopathy (r=0.28) (Belcastro and McLean, 1983). 
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In the present investigation when severe diabetes (greater than 
600 mg/d1) was induced by the intravenous injection of streptozotocin, 
profound alterations occurred in the enzymatic activity of the cardiac 
contractile proteins. This was evidenced by a depressed imyofibril 
Catémgt? ATPase activity at the three Mgt? concentrations 
investigated which is consistent with a previous report (Pierce and 
Dhalla, 1981). In addition, the myosin ATPase activity (Dillman, 
1980) and actomysoin ATPase activity (Malhotra et al, 1981) in the 
hearts from diabetic animals have been reported to be depressed. 
Dillman (1980) and Malhotra et al, (1981) have determined that this 
may be due to a redistribution in the pattern of myosin isoenzymes 
Vig Vo ands Vs. The predominating Vy isoenzyme in control 
tissue was replaced by the V3 isoenzyme in diabetic tissue which has 
a ten fold lower ATPase activity that Vj. The new expression of an 
isoenzyme of myosin has been suggested to be responsible for altered 
AlPase activities in various states (Hoh et “al, 1977). Pierce and 
Dhalla, (1981) found no difference in the dependence of myofibrillar 
ATPase activity on free Cat2 concentration in the diabetic heart 
while our results indicated no change in Cat? binding to the 
myofibril. Pierce and Dhalla (1981) using varying KCl concentrations 
determined that structurally different forms of the protein may be 
found in diabetic preperations. In addition to these subtle 
structural alterations based on ethylene glycol studies they suggest 
conformational changes at or near the active site of ATPase activity 
through sulphydryl group modification may inactivate myosin ATPase 
activity. The possibility must be considered that the depression was 


caused directly by the effect of streptozotocin on the heart rather 
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Chan the diabetic effectof the drug. Malhotra et al, (1981) examined 
this question by administrating 3-0 methyl glucose, a sugar when 
administered before the streptozotocin prevents its diabetogenic 
effect, (Ganda, et al, 1976). Preparations from the hearts of these 
animals in which diabetes had been blocked displayed no depression in 
actomyosin ATPase activity, indicating that streptozotocin injection 
alone is not sufficient to cause the deliterous effects on the heart. 
Diabetes must develop for these abnormalities to occur. It should be 
noted that when insulin is re-administered the cardiomyopathic effects 
of the diabetes is retarded (Belcastro and McClean, 1983). 

Swim training resulted in an enhanced (36%) myofibril Cat@- 
Mgté ATPase activity. These observations are in general agreement 
with the data from swimming studies (Hearne and Gollnick, 1961; Rupp, 
1981; Bhan and Scheuer, 1972; Penpargkul et al, 1980a; Wilkerson and 
Evonuk, 19/71, Medugorac, 1975* Gusti et al, 1978; Malhotra et -al, 
1976) but are in contrast to those of running studies where no change 
(Dowell et al, 1977; Tibbits et al, 1978; Baldwin et al, 1975; 
Penpargkul et al, 1980a) or minimal changes occur (Baldwin et al, 
1977; Resink et al, 1981; Penpargkul et al, 1980b). 

The intensity and duration of the exercise program employed 
corresponds to the degree of ATPase changes incurred. Time studies 
have demonstrated that during the first eight weeks of tne program the 
ATPase activity increases in proportion to the duration and severity 


of the program (Bhan and Scheuer, 1972; Wilkerson and Evonuk, 1971). 
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Therefore the different intensity and duration employed from one study 
to another may account for some of the discrepency observed between 
Studies, although the most important factor concerning the differences 
in ATPase activity appears to be the type of exercise program 
utilized. Both moderate and intense swimming programs lead to 
Significant increases in ATPase activity while only the very intense 
bouts of treadmill exercise show slight increases in ATPase activity 
of the contractile proteins (Baldwin et al, 1977; Resink et al, 1981; 
Penpargkul et al, 1980a). Water immersion itself considered a 
possible explanation was eliminated by Penpargkul et al (1980a) who 
found no change in ATPase activity. This has led to the speculation 
that very distinctive differences are apparent concerning the stresses 
that swimming and running place on the heart although the reasons for 
the biochemical differences remain to be explained. 

The factors responsible for the altered ATPase changes in cardiac 
tissue with training are uncertain. Rupp, (1981) has detected an 
isoenzyme pattern alteration where hearts from conditioned animals 
show a single band of the isoenzyme Vy which displays the highest 
ATPase activity of the three isoenzymes Vj, Vo, and V3 found in 
control hearts. In addition, Medugorac (1975), has found an increased 
amount of light chain 1 (LC 1) in swim trained rats, while Resink et 
al (1980) has found a greater concentration and incorporation of 
phosphate into LC2 from running trained animals. Concomitant with the 


myofibril, myosin, and actomyosin changes are corresponding 
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alterations in the contractility of the heart which include an 
increase in max dp/dt (Penpargkul and Scheuer, 1970), and tension 
development (Schaible and Scheuer, 1979) along with a faster rate of 
relaxation (Bershon and Scheuer, 1977). Thus it has been postulated 
tnat the reported exercise induced increase in cardiac contractile 
protein ATPase activity following training represents a cellular 
mechanism to account for the improvement in cardiac contractile 
function. 

The swim training program did not enhance the myofibril care 
Mgt2 ATPase activity of the diabetic animals in contrast to the 
results for the non diabetic group. Moreover, the myofibril ATPase 
activities for the trained diabetic animals were significantly reduced 
by 13% at 0.04 and 1.0 mM Mgt2 respectively. Cat2 binding was 
Similar between the two groups and therefore cannot account for the 
differences between diabetic trained and diabetic control animals. 
Because diabetic cardiac tissue utilizes lipid stores rather than 
glucose, in hearts not working at maximal loads the energy production 
from the oxidation of lipids compensates for the reduced glucose 
metabolized in the diabetic state which allows the diabetic heart to 
maintain a normal function (Neely and Morgan, 1981). Under maximal 
stress an intrinsic defect of the heart to produce ATP seems possible 
(Sinclair- Smith, 1979), which may be consequent to the increased 
tissue levels of triglycerides, free fatty acids, long chain acetyl Co 
A, and citrate. Evidence has recently been presented that an 
accumulatation of these substances interfere with the efficiency 


of the myocardium, Furthermore, Opie (1977) has demonstrated that 
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promotion of lipid uptake by the heart with regional ischemia tends to 
exaggerate Che extent of ischaemic injury. Since physical exercise is 
considered to be a stress it may be possible that the biochemical 
alterations detected in the diabetic heart may have been exaggerated 
when additional stresses like swimming and the fear of drowning were 
placed on the animal. 

A second possibility for the further decrease in ATPase activity 
in the diabetic animal following a training program may be related to 
protein degradation. It has been determined that normal growth 
requires insulin, and in the diabetic organism protein synthesis and 
amino acid accumalation in inuscle are severely reduced (Cahill et al, 
1969). In non diabetic rat soleus or diaphram muscle exercise reduces 
the rate of protein degradation in muscle (Goldberg et al, 1974; 
1975), along with a decrease in the plasma insulin levels (Terjung, 
1979). It is possible that the decreased insulin levels in non 
diabetic tissue has no effect on the protein degradation process while 
the decreased insulin levels during exercise together with the 
decreased insulin levels in diabetes act synergystically in a negative 
manner leading to an even greater degree of protein degradation 
concomitant with the decreased ATPase activity. 

Mgt2 Regulation 

Increasing the Mgté concentration from 0.04 to 10.0 mM of 
Mgté resulted in a depressed ATPase activity in the four groups 
studied, in agreement with Solaro and Shiner (1976) who have shown 
that as free Mgt2 concentration 1s increased the Ca 
concentration required to activate tension development or myofibril 


AlPase activity, is. increased. It, has ,been, suggested that Mgt 2 


24 


oe 


paunece Na aah ony $a parr MEY ance nes vw 
. Teaad oft «oo Comet, 


UNI a6 e2guts af e2gersab “cist: sf <hl. ylit steamy oor | 
etonpaaten 6@ Oy. meywoTg petniaes & 5. peekuit 1 isaree «/ sodath ond nl 


Hyuere lnedon FAR. bentortetet ied oad TD Lanegeteyge® §@ bn 207g, 
Ase Eien rue APsJo Mm, WETORON ~liohtons at ood .eficet! eoel 
> 


ie 28 Vie?) Horptes yfersves, aw SPbguw AY nalietemese Uioe cnn 
gasgbar eel onan af ney mie yt an gueler “as 2) jadeis row al (eer 
“wiAf. 26 fo) pr edkhloo) Mahan fs nofgeberneth ATste%, ota ot 
grninet yo efevel oifasn?? sumslq ot ni s2teranh & Atte orols eer 
we ar efeval otfiizai Weteeiish Sat Jeet afateech ef 31 tere 
eb eesourg: wot man aan oTSital, S02 hi Jac? 18 5A 26F eyrel? iedeh 
ani Site sardoge? Szhvexe pnt) alavel  nitueni bsessoeh ang 
wTtsepon G nt Yl isorseypysnve: Jp 2ashag ih ft alavel mt iueat na eqns 
apeyecavosh nfsiovq 19 eqqueh “adssip svn nme of pithasl “eye 
Asivisos S269lh heensicals on}. tty hve) jebonGD 

notte lopon 3° gM 

i ae 8.00 -or “BO, ge mort nofaerinesned  Sipw “arr yareeatonl 
ny awhte wt on) Goivtson séetla haresigah’ 6 Or DeliGen Fe 
apie svaillome folel) sented nie Ses ftiw tosneetgs ¢! ,betnud 
Sp) ld bawesSn? “(a anFrenanany | SD aan | te ae 
HisoHlowr %0 Snigtgotayan id andl 
Stu dent wadeauyii2 used 26th 9 


might bind competitively to the low affinity fare Specific sites 
at high Mgt@ concentrations (Rupp, 1980). Potter et al (1981) 
have determined that even at high Mgté concentrations the Mgté 
pon cannot pind? to the Tow affinity site. Lt ac iene ore deed 
assumed that the increased Mgté concentration must reduce the 
afrinity st the “low affinity sites for Cat?” rather “then directly 
competing with the Caté jon for a position on the site. 

The “decrease an myofibril AlPase activity from 0.04 to 10.0 mM 
Mgt2 1s greater in the diabetic hearts (25%) than the control 
hearts (16%) with minimal differences apparent between the conditioned 
and control animals. It can then be concluded that there is an 
alteration in the Mg*t2 dependency of the cardiac myofibril with 
diabetes, that is not observed following swim training. This 
alteration in Mg*é dependency with diabetes appears to be partially 
responsible for the reduced activity of the myofibril ATPase enzyme. 
At present it is unclear as to the mechanism of the altered Mgt2 
regulation, however it may be related to the binding affinity of 
Mgt2 to the high affinity Cat@-mMgt? sites. These sites 
appear to function in stabilizing the Tn-C complex with most of the 
conformational changes induced by Care binding to the Tn-C complex 
occuring at this site, (Potter and Gergley, 1975). It may be possible 
that Mgt binds to these sites exclusively in the presence of high 
Mg*2 concentrations, and induces a different conformational change 
than Cat2 that could affect one of the regulatory events in the 
contraction process. 

Examination of the basal ATPase activity (Mgt? ATPase) 


reveals no differences between the training and control and the 
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grabetic and control hearts: andicating that the Mgt? effects are 
not due to higher basal ATPase activity. This implies that something 
related to the contractile process itself must be causing the Mgt2 
effects observed in the diabetic animals. Since Giacomelli and Weiner 
(1979) have determined that the myofibrils contain less thin filament 
the changes in Mg*t2 dependency and ATPase activity associated with 
diabetes may be related to structural changes in the thin filament. 
In summary this study demonstrates that the depressed myofibril 
AlPase sactivity of diabetic hearts 1s %a function of Mgt2 regulation, 
while the increased ATPase activity in the conditioned animals is not a 
function of Mgt? regulation. In addition, the depressed myofibril 
ATPase activity in the diabetic animals is not ameliorated with 


physical training. 
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STRUCTURE 


The cytology of cardiac muscle has been extensively 
investigated with several correlations between Structure and 
function becoming increasingly evident. Of primary physiological 
importance is the conversion of chemical energy into mechanical 
work; the energy is provided in the form of ATP, and the work is 
manifest by the sliding filaments located in the cytoplasm of 
muscle cells. The trigger for contraction is an influx of Caté 
ions into the matrix, while subsequent relaxation of the cells 
requires the uptake and sequestration of Caté by the 
sarcoplasmic reticulum (SR). The structures that are important in 
these processes will be the focal point of the following 


discussion. 


CARDIAC ULTRASTRUCTURE 

The cells of the working myocardium contain large numbers of 
myofibrils and mitochondria enclosed within the sarcolemma which 
delimits the cell contents. These cells contain two distinct 
intracellular membrane systems: the transverse tubular system 
(T-system) and the SR. Together these structures occupy less than 
90% of the cell volume, the remainder consisting mainly of cytosol 
and nuclei (Katz, 1977). 

The myocardial cell is enclosed by the sarcolemma, a /.5-9.0 
nm unit plasma membrane which defines the boundary between the intra 
and extracellular spaces. The sarcolemma in both cardiac and 


skeletal muscle is composed of a trilaminar unit membrane. The 
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bilayered plasma membrane (sarcolemma) is the basic cell unit 
membrane surrounded by a two layered glycocalyx or basement membrane 
(50 nm) which lies on the exterior of the sarcolemma. One layer 
termed the surface coat (20 nm thick) is an extension of the plasma 
membrane, while the second more peripheral layer, the external lamina 
(30 nm thick) extends from the surface coat (Langer, 1978; Adams and 
Schwartz, 1980). The plasma membrane appears to function as a 
selective barrier to the free flow of low molecular weight substances 
and ions such as sodium, potassium, and calcium , while the negatively 
charged glycocalyx may be the site of Cate binding and exchange 
across the cell membrane in cardiac muscle (Adams and Schwartz, 1980). 
At many sites on the surface of cardiac muscle cells the 
sarcolemma is deeply invaginated in the form of long slender tubules 
called individually a transverse tubule or t-tubule and collectively 
the T-system (Sommer and Johnson, 1978). Several prominent differences 
exist between skeletal and cardiac muscle in the geometry the T-system. 
Skeletal t-tubules do not appear to contain the glycoprotein surface 
coat of the sarcolemma. The T-system is much larger in diameter and 
more variable in size in cardiac muscle than skeletal muscle. In 
mammalian skeletal muscle two transverse tubules are present at the 
level of sarcomere situated at the boundary of the A and I bands while 
in cardiac muscle the transverse tubules are generally associated with 
the Z bands, thus there is only one t-tubule per sarcomere. Finally, 
in contrast to skeletal muscle the glycoprotein surface coat material 
of cardiac peripheral sarcolemma continues down into the t-tubules and 


therefore is brought into proximity with the contractile filaments 
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(Sommer and Johnson, 1978; Adams and Schwartz, 1980). 

The SR consists of a network of intracellular tubules that 
Surround the bundles of contractile proteins, forming specialized 
Structures that are in contact with the sarcolemma and the T-system. 
Here the tubules of the SR flatten to form subsarcolemmal cisternae. 
The composite structure formed by the subsarcolemmal cisternae and 
the adjacent region of either the sarcolemma or t-tubule is called 
the dyad (Katz, 1977), the region within the membrane where Caté 
is stored (Podolsky, 1975). Unlike the SR in skeletal muscle which is 
arranged in a parallel fashion anastmosing freely in the region of 
the A band, cardiac SR has a somewhat random orientation, connecting 
at virtually all levels of the sarcomere (Adams and Schwartz, 1980). 

The function of the SR as a primary regulator of myoplasmic 
Cat2 during the contraction relaxation cycle is well established 
for striated muscle (Inesi and Malan, 1976). It is thought that 
cardiac SR like skeletal SR acts as the primary site for Cat2 
release to the myoplasm during excitation to initiate contraction, 
and Caté uptake from the myoplasm to initiate relaxation. 

In contrast to skeletal muscle, it appears that some Gate 
crosses the surface membrane of the cardiac cells during the action 
potential whereas very little or no Cat? crosses the surface 
membrane of skeletal muscle cells (Rich and Langer, 1975). A 
Cat2 induced release of Cat® has been proposed whereby a 
small. amount of Cat2@ crosses the sarcolemma during the action 
potential, insufficient by itself to activate the myofilaments, 


induces the release of Cat2 from the SR sufficient for activation 


(Fabiato and Fabiato, 1977). 
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Morphology of the Myofibril 

The myofibrils which constitute about 20% of the volume of 
cardiac muscle (Katz, 1977) are arranged in regular arrays of thick 
and thin myofilaments enclosed within a sarcolemma. The fibers are 
connected to one another end to end by tight junctions known as 
intercalcatred discs which are densely staining transverse bands that 
characteristically appear at right angles to the long axis of cardiac 
myofibers (Katz, 1977). Unlike skeletal muscle cells which are long 
parallel uniform fibers, cardiac fibers bifurcate and connect with 
adjacent fibers to form a three dimensional network (Adams and 
Schwartz, 1980). 

The contractile material along the long axis of the cardiac 
muscle is alternately striped by a dark anisotropic (A) band and a 
light isotropic (I) band created by the interdigitation of 2 sets of 
myofilaments; the thick myosin filaments and the thinner actin fila- 
ments. The I band, composed of actin is bisected by a narrow darkly 
Staining Z line which consists mainly of a protein constituent called 
alpha actinin (Masaki et al, 1967; Stromer and Goll, 1972; Ebashi et 
al, 1966). Recent studies indicate that alpha actinin connects F 
actin filaments to the Z line in both cardiac and skeletal muscle 
(Toyo-Oka and Masaki, 1979). Proper orientation is maintained by the 
separation and looping of the protein which composes the backbone of 
thin filaments through the Z line returning to the center of the 
sarcomere in one of the adjacent thin filaments (Katz, 1977). The 
actin filaments insert at one end of the Z line, extend through the I 


band and one half of the A band terminating on either end of the H 
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zone, the central region within the A band. A broad dense M band is 
found in the center of the H zone which consists of myosin filaments 
only. The myosin filaments attach to the M band and are held 
together by M protein which maintains the myosin filaments in a 
regular hexagonal array in the center of the sarcomere by cross 
linking the thick filaments (Mannherz and Goody, 1976). The myosin 
filaments which are continuous throughout the entire A band contains 
a hexagonal array of the thick filaments each of which is surrounded 
by six thin filaments which lie at trigonal points between adjacent 
thick filaments. The sarcomere, the fundamental morphological unit 
of striated muscle is defined as the region between the two Z lines, 
and thus consists of a single A band plus two adjacent half I bands 


(Mannherz and Goody, 1976). 


Myofibrillar Fine Structure 
I. Myosin 

It is now well established that myosin is the chief constituent 
of the thick filaments of striated muscles (Katz,1970). Myosin, a 
hexameric rod shaped molecule (MW 500,000), (Katz, 1977) is 140 nm 
long and 2 nm wide terminating in two globular heads 7 nm in diameter 
(Morel and Pinset-Harstrom, 1975). Mild treatment with trypsin 
yeilds two subfragments; light meromyosin (LMM) and heavy meromyosin 
(HMM) with further papain digestion splitting HMM into two segments, 
HMM S-l and HMM S-2 (Katz, 1970; Mannherz and Goody, 1976). The tail 
region consists of an insoluble enzymatically inactive molecule and a 
water soluble enzymatically active molecule (HMM S-2), both composed 


of two alpha helices twisted around one another to form a 
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coiled coil. HMM S-2 terminates when both polypeptide chains untwist 
to form two water soluble globular regions referred to as HMM S-1 (MW 
140,000). H.E. Huxley (1969, 1971), using electron microscopy and X- 
ray diffraction tecniques envisaged HMM S-2 acting as a stiff light 
rod with hinges at both ends, that is HMM S-2 is connected to LMM by 
a hinge and is joined to HMM S-1 by a second hinge, thus enabling the 
globular head to swing out when attaching to the thin actin filament 
(Mannherz and Goody, 1976). 

The S-1l region contains both the ATPase activity and the actin 
combining ability of cardiac and skeletal muscle myosins (Katz, 1970; 
Mannherz and Goody, 1976; Morel and Pinset-Harstrom, 1975). Ramirez 
(1979) proposed a model for the active site of skeletal and cardiac 
myosin that relates directly to the ninety two amino acid fragment 
P10 of myosin recently described by Elzinga and Collins, (1977). In 
this model the MgATP substrate, an eight membered cyclic complex fits 
tightly into a sixteen amino acid segment of P10 and interacts with 
seven of its amino acids. At this site it is postulated that a rare 
amino acid N-methyl histidine (position 69) present in skeletal 
muscle and histidine (position 69) in cardiac muscle heavy chain 
myosin functions as the donor ligand for Mgt*. Once this ligand 
is beside the metal, other amino acids form a pocket around MgATP. 
These amino acids include tyrosine 72 (attached to Mgt2), 
histidine 76 (donates a proton to the P of AIP), Lysine 78 (binds 
electrostatically to Pp of ATP) Aspartate 66 (forms a hydrogen bond 
to the 6-amino group of adenine) and phenylalanines 80 and 81 which 


flank the ring of ATP. (See Ramirez, 1979 tor tne rationale behind 


the model). 


at Sk, 


i] is ad RAP < Py 4 
Sein a Tis 


Pry 7 ; ' = 
ven Ta7: Hit as eS hersote pie 7 na ipl ix 4 7 iw 


7 U 
te yugetereiv ef Perils ree ghitP ay Sib 7 tyr) eofhell Oe <4 0 ? 


oined “VNES? a parent ts) 5 -< PR Ieliatohe Pip ies nelsoual th 
on ie ml per ssiynes - A " FUN s ¢ Saeed. fine (iad 7) vepn yd a «te 
wh? Fe? Pijende Serks ariecny ihoee all ard Hh oy AS |) r? ban ar ver 


- 


metit wk ioe pega gilt |¢ Tad die) as a rah weiws 2g Kea se te 


£bOV84 Gaal) fits 399 The ; 
(rsa Wl WME Voi i i> f and) wiaye 2 revit de IG ire" {+z ant _ 
OUP stad) aereow elazum (fi6tote bhp see in gel rth Onie sins 


csi Prip? ater  wmadevas:. teen’? ome Patol” cou”, ween Ome erorn 

~ : 
aieye> toe Ingefeve. to etre ovigoe ad? sol, Tahom £ Paeousag [PVs 
tne A rin IG nr iw it \ tanh oid ri Vi r se ti #548 les sett? nba 
- an = 
pl ei) anti 16.) AG Bence iv} hod fa oeeat “14 ae t ni zou ve 6 - 

: ; 

. U o> i S| 
LGnen f yy ha them 4 ipT9 (ré ALB el Ps Pgh any wen 2 >. 

7 - oli 
Haerennt bos: S18 Tee apanitee > RAa6 opin: atcha « oat yfangts 

Pe 7 7 . 

i = * * - 2 ': : Fy a re 
ge: 5 tans payelideogy2: St S712 Stat A VaR be Gre 28? YD: bivtaleend 
. * . : r - 7 
Aielelz p+ .teessqg (NA woldtedyh, BOTHiIee Tyee Bie Dear 
{ Re ; ree © ¥ , aiid 
Alot> “yvaot alae ontiniss ‘at (ie attend) setnrerth Sane 7) 
hiapehy 2.) aap "pan bapet  Aaweli - at) -28 SAA! toast wry 
} : mA 2 
5 heel oft at name F981, be tem bide shtaed @ 
sf? OM ‘< ha Ave Oe Arso3ys Bri ron | arg i 


A, 1 al? dul Ash Up 
ener. Mi=eotauta (21h, ye" ane 92.9: Oa in Dia! 
M 


‘e te 4a Lane ‘se 
gY oe 


hy hae paps ae 


. 
' 


7 
- 
‘ 


Also located on the globular head are a number of low molecular 
weight components terined light chains which appear to be involved in 
the hydrolytic activity of myosin (Mannherz and Goody, 1976). There 
appears to be three types of light chains in skeletal muscle; an 
13,000 D light chain which can be removed from myosin by reacting 
with 5 5' dithiobis (2 nitrobenzoic acid) termed the DTNB light chain 
(LC2) containing two thiol groups in identified sequences (2 mol/mol 
myosin) and two single thiol sequenced light chains MW 16,000 (LC3) 
and 25,000 (LC1) dissociated from the molecule at ph 11 termed 
"alkali light chains" (2 mol/mol myosin), (Lowey and Risby, 1971; 
Weeds and Pope, 1971; Weeds and Lowey, 1971). The DINB chains can be 
removed without loss of ATPase activity while loss of ATPase activity 
ensues when alkali light chains are removed (Weeds and Pope, 1971; 
Weeds and Lowey, 1971). 

While fast skeletal muscle appears to have three types of light 
chains cardiac and slow muscle contain two classes of myosin light 
chains; LCl (2.05 mol/mol myosin) and LC2 (2.95 mol/mol) as measured 
by SDS-Page Electrophoresis (Frearson and Perry, 1975,; Lowey and 
Risby, 1971; Weeds and Pope, 1971; Sarker et al, 1971; Wilkman- 
Coffelt et al, 1973 a,b). Both atrial and ventricular myosins 
contain these two light chains although they differ slightly in 
weight, size, and charge. 

The 18,000 D component of fast muscle (DTNB) and the LC2 (18 - 
19,000 D) subunit from cardiac and slow skeletal muscle show a 
considerable degree of amino acid homology (Jakes et al, 1976; Leger 
and Elzinga, 1977; Frearson and Perry, 1975), although the latter two 


cannot be separated from the myosin molecule with DTNB (Mannherz and 
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Goody, 1976). It appears that this 18,000 D LC from the three muscle 
types can undergo phosphorylation and dephosphorylation (1 site/mol- 
ecule). Recent studies indicate a specific myosin light chain kinase 
which catalyses the transfer of the y phosphate of ATP to a single 
serine residue in position 14 or 15 (Perrie® et al, 1973: Collins, 
1976) on the 18° - 19,000 ) component (Perry, 1973: Pires et al, 1974; 
Frearson and Perry, 1975; Morgan et al, 1976; Perrie et al, 1973). A 
protein phosphotase which can remove this group is also present in 
the muscle (Perry et al, 1975). This phosphorylation of LC2 
apparently causes an increase in actin activated myosin activities 
(Gorecka et al, 1976; Small and Sobezek, 1977) while removal of LC2 
Cam ‘atrect the basic Mgt2 ATPase and actin activated Mgt 
ATPase activities resulting in enhanced actin activated ATPase 
activities (Malhotra et al, 1969). 

Sequence similarities have also been demonstrated between 
cardiac LCl and the alkali labile light chains of fast muscle 
although cardiac LCl contains one additional thiol sequence not found 
in fast muscle (Mannherz and Goody, 1976). Removal of these LC cause 
total loss of Cat@ ATPase activity while removal of LC2 has no 
effect on this parameter (Malhotra et al, 1969). 

Low molecular weight component light chains g], 92, and g3 
(1:2:1) have also been isolated from both skeletal (Yagi et al, 1975) 
and cardiac muscle myosin (Kuwayama and Yagi, 1977). The functions 
of g; and 93 are unknown although separation of gj and 93 
from cardiac myosin is always accompanied by a loss of ATPase activ- 
EY The S-1 can contain either g) or g3 suggesting that they 


are homologous proteins which may be located at analagous sites of 
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different myosin isoenzymes (Okamoto and Yagi, 1976). 

Most research to date has concentrated on the g?2 light chain, 
a 5,000 D Cat? binding component of skeletal and cardiac myosin 
(Morimoto and Harrington, 1974; Kuwayama and Yagi, 1977). There is a 
difference in size of the heavy chain components of the two S-1 
subfragments by about 5,000 0D, the smaller S-1 cannot bind the go 
light chain while the larger (f) component can. A 5,000 9D 
polypeptide termed "C polypeptide" because it is located on the C 
terminal side of the myosin filament is necessary to bind ga near 
the link between the head and tail of myosin (Kuwayama and Yagi, 
STA ie A 15,000 UD component protein which appears to be a 
Proteolytice product, of G9 .and cans bind Ce FS g2 does has 
been seperated in cardiac muscle which contains very little go. 
The subfragment which contains neither the 15,000 D protein nor the 
go is unable to bind Cat, 

In the heart two classes of isomyosins have been detected those 
of the atria and those of the ventricites (Wilkman-Coffelt and 
Srivastova, 1979). The molecule of atrial and ventricular myosin 
contain two heavy chains (200,000 D) and two pairs of dissimilar 
light chains in equimolar ratios, the LCl and LC2 as described in the 
preceding section. (Zak et al, 1982). The light chains between 
atrial (A) and ventricular myosins (V) are different in both size 
(NLGT 27000, » VG) 919, 000.. -ALC2 72,000) ViLCZ 195000) ston eos at, 
1977), and charge (atrial myosin is more positively charged). 
Differences are also apparent between atrial and ventricular heavy 
ehains. in their primary structure. The cystine content of atrial 


myosin is less than ventricular myosin otherwise they are similar in 
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their amino acid content. One additional descrepency involves nine 
additional peptides in atrial myosin which are not present in 
ventricular myosin and eleven peptides in ventricular myosin which 
drereact voresentiedn  abeta be amyosin SOR Wk @t dal, 2978). These 
differences could account for the greater Cat? ATPase in atrial 
vs ventricular myosin (Hoh et al, 1977). 

Gel electrophoresis (Hoh et al, 1977) and specific immuno- 
fluorescent staining demonstrate the presence of specific ventricular 
isoenzymes Vj, V2, and V3, with one two or three of these 
jsoenzymes present depending on the species (Clark et al, 1982). 
Since the light chains are identical in the three isoenzymes (Hoh et 
al, 1977), differences in ventricular myosin must be a consequence of 
a number of variations in their heavy chains (Zak et al, 1982). Two 
distinct myosin heavy chains HC alpha (A)and HC heta (8) give rise to 
two homodimers (Vz: 2 HCA, V3: 2 HCB) and one heterodimer (V2: 
1 HCA, 1 HCB), each with a distinct electrophoretic mobility and 
ATPAse activity. Both Cat2 and actin activated myosin ATPase 
activity are higher for V, than V3 (Pope et al, 1980) with the 
Cat2 activated ATPase activity for VjV2V3 °° in a ratio 
O.eBe 7 tHohwet: ale LORM)i: 

ties AlPase? vactivity is ‘similar Tw both the  Teft and right 
ventricle (Price et al, 1980), with the isoenzyme content typical of 
a given muscle. The isoenzyme content is not static but changes 
depending on the developmental status, hormonal treatment, and 
physioligical status of the animal’ (Clarkiret al, 19825 Hoh set al, 
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In addition to the light chains, each head of the myosin S-1 
Subunit contains two classes of sulphydryl groups, those that react 
quickly with sulphydry! directed agents (SH-1 groups) and those that 
react more slowly (SH-2 groups) (Reisler et al, 1974). These two 
thiols are ten residues apart in primary sequence corresponding to 
cysteine 10 and 20 of the P10 sequence (Elzinga and Collins, 1977), 
and appear to be relatively close to one another in the primary 
Structure (12-14 A°) (Burke and Knight, 1980). Recent studies 
involving tryptic fragments of HMM indicate that these thiols are 
close to the junctional region between the rod and head portions of 
the molecule (Balint et al, 1978) and that the region containing the 
SH1 and SH2 is at or near the ATP binding site (Elzinga and Collins, 
1977), the most probable distance being 38.7 A° (Tao and Lamkin, 
1981). In addition the two groups are also in close proximity to 
the Cat2 binding LC2 (Srivastava and Wilkman-Coffelt, 1980). 
Modification of either of these sulphydryl groups results in marked 
changes in the ATPase activities of the protein and the conformation 
of the myosin molecule. Reaction of the Sl group increases the 
Caté ATPase activity and decreases the K*t EDTA activity. Once 
the Sl groups are bound, the binding of S2 groups inhibits Cate 
ATPase activity (Scheuer and Bhan, 1979; Elzinga and Collins, 1977). 
The chemical modification of the SHl and SH2 moieties of myosin 
heavy chains also result in the modification of light chain are 
binding characteristics by decreasing the number of Cat2 binding 
sites but not their affinity for Cat@ (Srivastava and 
Wilkman-Coffelt, 1980). The conformational change in the S2 region 


is activated by ATP or several other nucleotides. F actin itself 
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has no effect on the conformational change but enhances the 
reactivity of S2 in the presence of MyATP yielding a cooperative 
interaction between F actin, MyATP and myosin (Kameyama, 1980). It 
Should be noted that this enhancement is much smaller in cardiac 


than in skeletal myosin (Kameyama et al, 1980). 


The Myosin Filament 

Myosin is not found in a monomeric state in the myocardial 
cell, instead the protein is aggregated in a regular array known as 
the the thick filament. The myosin tails are wound together to form 
a rigid backbone from which the myosin heads project to make up the 
erosspridges. (Katz; 1977). The crossbridges project from the 
surface every 14.3 nm along the filament with the surface lattice 
repeating every 429 nm (Squire, 1973), and are held in their proper 
orientation by the M line protein (Mannherz and Goody, 1976). 
Assuming the two elongated heads (crossbridges) are close to one 
another, Hasselgrove, (1980), has suggested that they twist the same 
way around the filaments but tilt in opposite directions, +30°, -30° 
so that they do not protrude from the filament but instead wrap 
around the surface. The first two crossbridges are arranged so that 
two at a given level project from the filament in opposite 
directions, and the next two crossbridges are rotated by 120° with 
this pattern repeating every three crossbridges (Mannherz and Goody, 
1974). The crossbridges in resting muscle are perpendicular to the 
long axis of the thick filament, whereas in active muscle their tips 


shift toward the center of the sarcomere. This shift in orientation 
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of the crossbridge involves the flexible joint in the myosin 
molecule allowing the head to move toward the actin filament with 
the inner end of the head remaining close to the myosin backbone 
Hasselgrove, 1980). 

The number of strands of the myosin filament is controversial. 
Huxley and Brown (1967), proposed a double stranded helix of cross 
bridges around each thick filament while data collected by Squire 
(1972), Tregar and Squire (1973), Hasselgrove (1980), and Morimoto 
and Harrington (1974), is consistent with a three or four stranded 
filament. Biochemical evidence indicates that the two stranded 
molecule where each subunit is represented by one myosin is 
incorrect because there is too much myosin to be accommodated in 
such a filament, (Hasselgrove and Rodger, 1980). Further research 
must be undertaken to determine whether the myosin filament is a 


three or four stranded filament. 


Tio Actin 

Actin has been identified as the major protein of the thin 
filament (Katz, 1970). The actin filament exists in two forms, a 
low viscous monomeric globular protein, G actin, and F actin, a 
highly viscous fibrous polymer of G actin which interacts with the 
myosin molecule (Mannherz and Goody, 1974). 

G-actin (MW 48,000) (Elzinga and Collins, 1973), is a globular 
protein containing approximately one half alpha helix (Katz, 1970). 
The polymerization of G actin to F actin can be effected by adding 
one Of a number of Salts to the solution. [ne action of salts to 


induce polymerization is non specific, that is a large number of 
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salts can cause polymerization (Katz, 1977). Gel filtration and 
centrifugation tecniques indicate the presence of a single high 
affinity site for divalent cations {K= 10° M-1). The high 
affinity site can bind Cat? and other divalent ions including 
Mnt2 | Spte. Nit2, Mgt2 , and inte, which can 
readily replace one another on the G actin molecule (Strzelicka- 
Golaszewska, 1973). In the F form the exchangeability of the cation 
bound at this site is greatly reduced (Katz, 1977). In addition to 
[he nigh affinity site, 5 low affinity Sites with apoarent 
association constants of 5-6 x 103 wm! for cat2, mgt2, 
Mnt2, and Srt2 have been found with five and eight sites for 
Nit@ and 2Znt2 (1.3 x104 - 1.6 x104 wl) respectively 
These low affinity sites are able to bind both monovalent and 
divalent cations. 

There appears to be a correlation between the degree of actin 
polymerization and the number of moles of cation bound to the low 
affinity sites, suggesting that polymerization is a result of a 
decrease in the net negative charge and electrostatic repulsion of 
actin monomers upon binding of cations. It has been further 
suggested that the cation may maintain the monomers in a 
conformation appropriate for their specific interaction as a result 
of the nuetralization of negative charge (Strzelecka-Golaszewska et 
ayn, 1974 

The ATP molecule bound to monomeric actin also takes part in 
the polymerization of actin. G actin contains a single site for 


a nucleotide which preferentially binds ATP (K= 1910 yl) 
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(Engel et al, 1977), and will irreversibly denature in the absence 
of the bound nucleotide and cation. It has been widely suggested 
that the divalent cation participates in the binding of the ATP 
motiety since the affinity of actin for ATP increases when the high 
affinity Care binding site is occupied (Strzelecka- 
Golaszeweska, 1973). In the past the metal and nucleotide have been 
widely assumed to bind as a complex (Strzelecka-Golaszewska et al, 
1974), but a recent NMR spectra study indicates that the binding 
Sites on both G and F actin are seperated by at least 16 A° (Barden 
et al, 1980). 

The polymerization of G  actin-ATP is accompanied by 
dephosphorylation of the actin bound nucleotide so that F actin-ADP 
is formed. During polymerization as indicated above, exchangeable 
ATP is converted to nonexchangeable ADP, and P; is liberated into 
the medium. Depolymerization is not accompanied by the reverse 
reaction, instead free ATP is substituted for the ADP previously 
bound. tO F actin ‘Giving rise. to G ‘actin-AIP In whicn the “entire 
nucleotide 1s replaced (Katz, 1970). This irreversible 
dephosphorylation mechanism makes it possible that actin filaments 
can lengthen at one end and shorten simultaneously at the other as 
proposed by Wegner (1976). The irreversible nucleotide hydrolysis 
and filament polarity lead to a disparity in the critical 
concentration of the two filament ends. Thus, subunits are released 
from one end with the high critical concentration and incorporated 
in the end with tow critical concentration. This process 1s 
referred to as head to tail polymerization (Wegner and Newhaus, 


1981). 


Differences in the rate of exchange of monomers and filament 
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Subunits have been reported depending on whether the polymerization 
had been induced by MgClo, CaClo, or KCl, suggesting a possible 
role of these ions on polymer formation (Zechel, 1981). It is well 
established that actin is rapidly polymerized by millimolar 
concentrations of Mgt? (Maruyami, 1981), while the rate of 
excnange of G actin is inversely proportional to the Caté 
(Barden et al, 1980). This phenomenon has led to the suggestion 
that tne exchange of ATP occurs through those molecules of G actin 
that are temporarily free of bound Cat* and that Mg*2 
appears to be essential for polymerization (Katz, 1970). In 
addition, Zechel (1981), has determined that Mgt2 stabilizes the 
F-actin structure making it much more resistant to depolymerization 
than either car or Kt. 

Also affecting actin polymerization is a 97,000 OD 
polymerization inhibiting factor that modulates both microtubule 
assembly and actin polymerization. It inhibits actin polymerization 
in the presence of relatively high but physiological concentrations 
of Mgt2 and Care. the lower the concentration of these ions 
the weaker the inhibitory effect (Nishida, 1981). 

Actin exists in the sarcomere as the F actin polymer (MW 
42000) in a globular ovoid shaped protein with an average diameter 
of 55 A°. The basic structure of both F actin and the thin filament 
is that of a double stranded helix. The distance between the nodes 
of F actin is 385 A° so that each half turn of the F actin filament 
contains approximately seven pairs of actin monomers (Katz, 1977). 
The tropomyosin molecules lie end to end in the grooves of the actin 


strands each spanning a length of seven actin monomers. Positioned 
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at intervals of 400 A° along the thin filaments are the units of the 
troponin complex, each unit consisting of one Cate binding 
subunit, In-C, one inhiditory member, Tn-I, and one tropomyosin 
binding Subunit, Tn-T. Together tropomyosin and the troponin 


complex have been termed the "regulatory proteins". 


Tropomyosin 

Tropomyosin (T) (MW 68,000) is an integral component of the 
contractile apparatus in skeletal and cardiac muscle tissue, where 
in conjunction with the troponin complex it functions as an element 
of the Caté regulatory system for the control of actin myosin 
interaction (Ebashi et al, 1969). Consisting of two alpha helices 
in register in a parallel coiled coil (Cohen and Szent-Gyorgi, 1957; 
Sodek et al, 1972; McClaughlin and Stewart, 1975; Ohara et al, 1980; 
Stone and Smillie, 1978; Stewart, 1975; Johnson and Smillie, 1975), 
individual rod like tropomyosin molecules are linked head to tail 
with other tropomyosin molecules to form long polar filaments lying 
in each of the two grooves of the F actin structure (H.E. Huxley, 
1972). Each tropomyosin molecule covers seven actin monomers on 
each of the two strands of F actin and also interacts with one 
complex of troponin (Tn-I, Tn-C, Tn-T) through the tropomyosin 
binding component Tn-T. 

Data from electrophoretic studies snow that two different 
subunits alpha (A) and beta (B) exist in skeletal muscle tropomyosin 
(Bodwell, 1967; Cummins and Perry, 1973; Johnson, 1974) which can be 
arranged as either AA or AB isomers (Eisenberg and Kielley, 1974). 


The ratio of 8:A varies with the speed of contraction of the muscle, 
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the slow red muscles having a higher content of B subunits than the 
faster white ones. The data concerning cardiac muscle tropomyosin 
isomers is variable. Cummins and Perry (1974), found only A 
subunits in the heart which contradicts the skeletal muscle data 
since the myocardium is composed of slow red fibers. Leger et al, 
(1966) found that although B tropomyosin is present to the extent of 
15-20% of the total tropomyosin in large slowly beating hearts 
(sheep, pigs, humans) it has been reported to be absent in the 
hearts of smaller animals (rabbit, guinea pig, rat). Previous 
reports have shown that the rabbit cardiac protein is similar to 
skeletal A tropomyosin in terms of its amino acid content, thiol 
content, immunological properties, peptide maps, and polyachromide 
electrophoretic gel mobilities (Leavis and Smillie, 1980). 

Several systematic differences are apparent between the A and B 
subunits in amino acid content and sequence. The amino acid 
sequence of A and B polypeptide chains differ by 39 residues; 23 
which are situated on the surface of the molecule (Wegner, 1980). 
Two differences are also apparent in the last nine residues near the 
C terminus where tropomyosin molecules form a polar end to end 
contact with the terminus of an adjacent tropomyosin molecule when 
bound along actin (Wegner, 1980). Finally the A chain has one 
cystiene residue present in a three fold excess over the B chains 
which contain two cystiene residues (Cummins and Perry, 1973). It 
should be noted that the difference in the affinity of the A and B 
tropomyosin for actin filaments as well as end to end contact of the 


two multiple forms of tropomyosin are small (Wegner, 1980). 
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stereochemical observations indicate that the head to tail 
linkages connecting the tropomyosin inolecules involves a short 
overlap of the broad faces of the supercoil for nine residues at the 
chain ends (COOH and NH») (McLauglin and Stewart 1975; Stewart and 
McLaughlin, 1975). The tropomyosin molecule composed of 284 amino 
acid residues (Stone et al, 1975) therefore has a structural repeat 
unit 275 amino acids long making 7-1/2 turns in one repeat length 
of 410 A°® relative to actin (McLaughlin and Stewart, 1975). The two 
parallel A helices are held together by an interlocking zig zag 
arrangement of non polar amino acids on the helix surface. 
Hydrophobic amino acids at the core positions interlock with the 
corresponding positions on the other helix to form a close packed 
core while complimentary changes in the inner position Annee 
helices form salt bridges that stabilize the structure (McLaughlin 
and Stewart, 1976) 

Stewart and McLaughlin (1975, 1976) have observed that the 
distribution of negative charge along the tropomyosin sequence is 
highly periodic effectively dividing the molecules into alternate 
zones of strong negative and weak positive charge. Their results 
show the existence of fourteen bands consisting of 19-2/3 amino 
acids (11 megative, 9 positive) 1.29 A°® apart with a 29.3° A” 
periodocity. The acid groups in the negative zones appear to play 
an important part in attaching tropomyosin to actin through numerous 
salt bridges which make direct links to basic groups on actin or by 
bridging indirectly to acidic groups via intervening Mgt2 or 
Cat2 jons (McLaughlin and Stewart, 1975) 


The two periods can be divided into two sets of seven A and 7 B 
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sites which alternate throughout the sequence. Fach A or B site on 
the actin includes a surface region of 7-12 A° long with some non 
polar side chains which make contact with the tropomyosin positive 
zone (McLaughlin and Stewart, 1976). The A and B chains have about 
284 residues and exhibit the expected regularities of the coiled 
coil structure which assigns each residue to a specific position of 
the repeating heptet (Edwards and Sykes, 1980). Although the 
general features of the A and B alternating bands are alike in 
general there appear to be systematic differences in detail between 
them suggesting that A and B bands represent different binding sites 
for actin monomers (Stone and Smillie, 1978) it has been proposed 
that seven boot shaped actin monomers on one strand of the helix lie 
within tneir broad heel ends in close contact with tropomyosin on 
that side of the groove (homostrand contact - A band) and the narrow 
toe ends of the actins of more distant strands reach across to make 
a more localized contact (heterostrand contact - B band) with the 
same tropomyosin at positions in between. This binding involves 
actins from both strands of the thin filament (binding constant 
106-108) (Walsch and Wegner, 1980). 

One important difference apparent between the two subunits is 
the more definite structural regularity of the A band compared to 
the B band. It has been proposed that the A band forms part of the 
binding site for the essential "off" position while the B band is 
used in the "on" position for the regulation of muscle control 


(McLaughlin and Stewart, 1976). 
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Troponin T 

The Troponin-T (Tn-T) molecule is a globular and rodlike 
structure approximately 265 + 40 A® in length (Flicker et al 1982), 
containing 259 amino acid residues (MW 30,503) (Pearlstone et al, 
1976). Mild digestion with alpha chymotrypsin divides the Tn-T 
complex into two fragments 1, (residues 1-158) and To (residues 
159-259) (Pato et al 1981, Ohtsuki, 1979), while further digestion 
in cyanobromide (CnBr) yeilds six CnBr fragments and the NH9 
terminal residues which like other myofibrillar proteins of rabbit 
skeletal muscle is acelylated (Pearlstone et al, 1976). In general, 
fifty percent of the amino acid residues are charged at a neutral 
pH, the COOH terminal sequence (221-259) is highly positively 
charged while the NH2 terminal region (1-39) is highly acidic 
(Pearlstone et al, 1976). The secondary structure of Tn-T is 37% 
alpha helix and 10% beta sheet formation (Pearlstone and Smillie 
1978, Pearlstone et al, 1976). Troponin-T is a very specialized 
molecule composed of distinct domains which carry out binding with 
three proteins tropomyosin, Tn-C and Tn-I. 

Recent evidence indicates that a highly helical region (CB2 
residues 71-151) of rabbit Tn-T is involved in the binding of the Tn- 
T complex close to or at the COOH terminal end (258-284) of the 
Alpha tropomyosin molecule (Nagano et al, 1980; Jackson et al, 
1975). A second binding region of tropomyosin is present in the 
COOH terminal portion of Tn-T involving residues 197-259) 
(Pearlstone and Smillie, 1981). Since this region also binds to Tn- 
© itis likely that this part of the Tn-T molecule interacts an ithe 


vicinity of cysteine 190 or 1/3 of the distance from the COOH 
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terminal end of tropomyosin (Ueno and Ooi, 1977; 1978; Ueno, 1978). 
The binding of troponin to tropomyosin through the Tn-T component of 
the complex is independent of the presence of Mgt2 (Potter and 
Gergley, 1974) and Cat2 (Kawasaki and Van era. Lo72))  buteots 
affected by the ionic strength (Potter and Gergley, 1974; Kawasaki 
and Van rd, 19/72; Jackson et al, 1975). 

The binding site of skeletal Tn-I to Tn-T spans two distinct 
regions of Tn-T the NHo terminal portion of Tn-T (residues 1-70) 
being very acidic at a neutral pH binds to Tn-I a basic molecule. 
The second region of Tn-I interaction encompasses residues 159-209 
of Tn-T (Pearlstone and Smillie, 1980). Since the Tn-I binding site 
consists of two areas; residues 1-70 and 152-209, and because the 
tropomyosin binding site residues 71-151 are located between the two 
Tn-I sites it is possible that a folding of the Tn-T molecule brings 
the two Tn-I sites closer together for simultaneous interaction 
(Pearlstone and Smillie. 1980). 

Tn-C also forms a complex with Tn-T ( Perry and Cole, 1974). 
The Tn-C site spanning the COOH terminal region of Tn-T (residues 
159-259) is either overlapping or adjacent to the second Tn-I site 
since fragment To (159-209) binds to both Tn-C and Tn-I 
(Pearlstone and Smillie, 1978). This structure includes the highly 
basic COOH terminal segment of the sequence from 221-259, but also 
includes a region with more mixed charge properties extending from 
residue 159-220. These interactions with Tn-C are strengthened by 
the presence of Cat2 ions and are unaffected by the addition of 


Mgt2 with this Tn-C binding region having very little alpha 


. gel 


_ 
a 
7 

, 


inc ae 
) ot “6. Rie aot Ful bith Cnty 


He sedi 1-47 ai Te sisi be sg baad Ere ae gy , 
bee oata’), Sp Ww sogeesng a0" ‘ _seahaaisort # yet 
(ove) et hey, rs i Mek Tint oe 


ai isi! 
begeduae STOU. Ghia Pik “Ss 08) dsataertan net ni: 4g tan 
1. ‘ia 
Sle b tec de post abl 7s by fd aan 
’ ; ; iv =) _ 
- 
sn PHSID nat ~el ug. 1-47 «tegatana? Yoo Site (OR baTa on _ 


ons 
— 


e Tt ot ehnré fq TeIWaR & Os DFT Se yr od 


< ii) AR : 
a) 7ahow Dre : - 


OAWUGE seubroes soe eeu Iie HOO TIDR TINT Aa, $e) Ae vote £ 


_ 
PAY ’ roulil é a7 } t-te f nn red Tenn at ahd eit] tent 1G ait 


ars astiniea [fl Sft).-4 wire rl (| it) Set lpié. ONE eiice Mbt) Tom : - 
} a 2, 
\<{| FSenT7ran, | 1887 OWE: Wo 7e 2402 


aw) |f3 neater, b8IR. 


-(> psubtes? =i br eOntd orgy 


- 

einind atiuss (ot T-nt og, 7o) UNtofot « Tenp) Slanerog, 2) si pate Yee 
7 

7 

cage: annenasignts. ToT cvedioged -7oenlh “soate enh aie ae 
.(ONeL pF TT hee han shade ine 


hen veil ye T-nT, Watw SSbmo Of ene OtiB DenT - 
‘aue ions boT=al Fo; ROkosT T6nhwie th? ast? ur) ihege ante 7 
’ lay obadoas. Saf a¢° Inase ge 40 uniqgeriawy | ene 2 ie 
hart bia mie Wad ‘B) bata iene HEL) al  Seomepert 
ee REL oft ree artoderaNg 


hae 
=) 


om 


06/6) Jikh -, SeS-THS. WoAy “sdnNUpoE dit a” ere int 
» = 7 


fae _ypbonane - seuesd pprado: va Wy 
: : oe 


helical or beta secondary structure. Immunoelectron microscopy 
(Ohtsuki, 1979), gel filtration, (Hitchcock et al, 1981) and elution 
volume studies (Horowitz et al, 1979) on the thin filament have 
Shown that the Tn-T molecule may be somewhat elongated (10 nn). A 
subsequent study by Flicker et al (1982) has demonstrated that the 
Tn complex has both a globular and rod like domain, the tail portion 
measuring 160 + 35 A®°® long and 20 A° wide. Furthermore, these 
Studies have demonstrated a revised hypothetical three dimensional 
reconstruction of the Tn-T molecule and its constituent attachment 
Sites. The T,; region of Tn-T (1-158) contains two alpha helical 
segments, residues 90-148 and 60-81 which bind tightly to 
tropomyosin (Nagano and Miyamoto 1982, Nagano et al, 1980), 
confirming the studies of Jackson et al (1975), and Pearlstone and 
Smillie, (1980), which indicate that the tropomyosin molecule bound 
to Tn-T encompassing the region 71-151 was predicted to be 80% alpha 
helical in nature (Nagano et al, 1980). Pearlstone and Smillie 
(1977), indicate that the functional groups of Glu and Asp may play 
a role in the specific binding of Tn- T to Tm by maintaining the 
helicity of the Tn-T binding component which must be intact to bind 
to the tropomyosin molecule. One of the most feasible structures of 
the specific binding of Tn-T confirmed by computer model building 
techniques is that residues 1-59 form the globular portion at the 
end of the triple stranded stem of the troponin tropomyosin complex. 
Residues 149-259 also folded in a globular’ formation cover 
approximately half of the 1, region and are connected to the In-T 
by C terminal residues 251-258 (Nagano and Ohtsuki, 19829)... Shes te 
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comprise most of the globular region of Tn which appears to be 
flattened to some extent. 

Three phosphorylation sites have been identified on Tn-T; site 
tooesrce 0; and: site 111 Moir (et uals 1077). based om. ihe 
observation that protonged incubation with phosphorylase kinase 
yeilds a total of 3 mol of phosphate/mol of Tn-T (Perry and Cole, 
1974). From the amino acid sequence determined by Pearlstone et al 
(1976), the phosphorylation of site I can be identified as serine I, 
Site II as serine 149 or 150 and site III as serine 156 or 157 with 
the phosphorylation sites either very close to or possibly part of 
the protein protein interaction sites. Serine I is phosphorylated 
by the enzyme phosphorylase T kinase, while serine 149-150 and 
156-157 are phosphorylated by phosphorylase kinase (Perry, 1979). 
Studies by Moir et al (1977) indicates that in Tn-T phosphorylation 
in vitro, only the N terminal site I is significantly 
phosphorylated, with a marked inhibition of Tn-T phosphorylation in 
the presence of Tn-C suggesting that interaction with In-C 
Sterically blocks the phosphorylation sites, making them unavailable 
to the kinase (Moir et al, 1977; Pearlstone and Smillie, 1981). 
Although the function of Tn-T phosphorylation is still unclear, it 
has been suggested that it functions to alter the binding forces 
between components by changing the net charge at the interaction 
sites and thus modifying the function of the complex since as 


previously mentioned the phosphorylation sites are very close or 


part of the protein interaction sites (Pearlstone and Smillie, 1981). 
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Troponin-I 

Cardiac (MW 23,550) and skeletal (MW 20,864) Tn-I are basic 
proteins that form a single polypeptide chain composed of 206 and 
179 amino acid residues respectively (Burtnick et al 1975; Wilkinson 
and Grand, 1975). Cardiac muscle Tn-I contains an N_ terminal 
sequence of 26 additional amino acids not present in the skeletal 
muscle molecule which accounts for the larger size of the protein 
(Wilkinson and Grand, 1975). Circular dichromism and optic rotary 
dispersion methods conducted by Wu and Yang (1976) show that the 
secodary structure of Tn-I is 29% alpha helical and 20% beta sheet 
with charged amino acids accounting for 40% of the residues. Each 
protein possesses a net positive charge, eight for rabbit fast 
muscle and fourteen for rabbit cardiac Tn-I (Wilkinson and Grand, 
1978). 

By applying selective cleaving procedures a series of peptides 
can be isolated that span the whole molecule. Two regions of rabbit 
fast skeletal and cardiac muscle Tn-I have been implicated in 
interactions with other components of the thin filament (Syska et 
al, 1976). A study of the peptide fragments by electrophoresis in 
the presence of Tn-C and by affinity chromatography with Tn-C 
indicate that the N terminal regions (skeletal residues 1-47, 
cardiac residues 27-74), and the region consisting of residues 
96-117 (cardiac 124-145) form complexes with Tn-C (Syska et al, 
1976) through the involvement of particular side chains (Dalgarno et 
al, 1982). This suggests that Tn-C is able to interact with both 
regions of the Tn-I molecule represented by these peptides (Perry et 
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in the absence of Caté the extent of the TN-C - Tn-I cross 
linking decreases by 21-35% (Sutoh, 1980). When comparing this 
region in skeletal and cardiac muscle there is very little homology 
between the two, out of 48 residues only 19 are identical (Wilkinson 
and Grand, 1978). 

In addition, residues 96-117 inhibit the Mgt2 stimulated 
ATPase of actomyosin a property that is potentiated by tropomyosin 
and is independent of Cat2 concentration (Syska et al, 1976; 
Wilkinson and Grand, 1978). In the presence of Tn-C with which it 
forms a complex stabilized by Cat@ (Head and Perry, 1974), the 
inhibitory activity of Tn-I is neutralized. It can be concluded 
that this region of Tn-I also interacts with actin and thereby 
prevents the interaction with myosin that is necessary for the high 
rate of ATP hydrolysis associated with contraction (Perry et al, 
1979). It has been demonstrated that the inhibitory action of Tn-I 
is far more pronounced in skeletal (fast) muscle when compared to 
cardiac tissue (Perry, 1979). According to Talbot and Hodges 
(1981), this inhibitory region is one of the most strongly conserved 
sequences in any of the four regulatory proteins differing by five 
amino acids, four substitutions, and one insertion. The most 
striking substitution appears to be the replacement of arginine 113 
by a leucine residue in cardiac Tn-I resulting in a dramatic 
decrease in inhibitory activity due to the loss of the charged side 
chain of arginine. 

Tn-I from fast skeletal and cardiac muscle can be phosphoryl- 
ated at specific sites by 3'5' cyclic AMP dependent protein kinase 


and phoshorylase kinase (Perry, 1979). 
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Phosphorylation of Tn-I from rabbit skeletal muscle by phosphorylase 
kinase occurs principally at threonine 11 (C-37) and phosphorylation 
by 3'5' cAMP dependant protein kinase is largely confined to serine 
118 (C-146) (Moir et al, 1974; Huang et al 1974, Pearlstone et al, 
1976). Phosphorylation of both of these positions is blocked in the 
presence of In-C, and it is doubtful if phosphorylation at these 
Sites is of any physiological significance although they may play a 
part in the initial assembly of the Tn complex (Wilkinson and Grand, 
1978; Weeks and Perry, 1977). 

The portion of rabbit cardiac muscle Tn-I that contains the N 
terminal sequence of 26 amino acid residues not present in the 
skeletal muscle protein contains a serine residue at position 20 
that is readily phosphorylated by 3'5' cAMP dependant protein kinase 
in vitro (Moir and Perry, 1977). When isolated from rabbit hearts 
by affinity chromatography more covalently bound phosphate (1.0-2.0 
moles) is found when compared to skeletal Tn-I (0.4-0.5 moles) (Cole 
and Perry, 1975). From this it appears that the rapid 
phosphorylation of the serine 20 residue is responsible for the much 
higher rate of phosphorylation catalyzed by 3;5; cAMP dependant 
protein kinase in cardiac Tn-I compared to skeletal muscle protein. 
A study conducted by Moir et al, (1980) indicates that in normal 
perfused rabbit hearts serine 20 is 30-40% phosphorylated in the 
normal beating rabbit heart, and the phosphate on serine 20 is 
virtually the only phosphate that exchanges with the intracellular 
phosphate pool presumably in the form of ATP. In the normal 
perfused heart serine 20 appears to account for the total phosphate 


content of the N terminal peptide contributing 0.3-0.4 moles 
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phosphate/mole Tn-l. 

The function of phosphorylation of Tn-I in cardiac muscle is 
twofold. It leads to a decrease in the sensitivity of the ATPase 
activity toward Cat? (Ray and England, 1976, Reddy, 1976; Perry 
Or ai 9792 Gdn, 1979), and it may 9smooth outa the ‘contract: te 
response of the heart produced by the transient increase in Cane 


concentration resulting from the adminstration of adrenalin or other 


B adrenergic agents (Perry, 1979). 


Tropnin-C 

Skeletal muscle is a single acidic chain of amino residues (MW 
18,000) composed of four homologous regions numbered I-IV from the N 
terminus (Collins and Elzinga, 1975; Collins, 1976). Each region 
consists of a ten residue Cat binding loop rich in glutamine 
and aspartine, that contain carboxylate groups which act as key 
metal coordinating ligands (McCubbin and Kay, 1980). They are 
flanked on either side alpha helical regions, with the whole 
structure stabilized by interactions between specific hydrophobic 
side chains of the helix (Wilkinson, 1980). 

Potter and Gergley (1975) and Potter et al (1977) reported that 
rabbit skeletal Tn-C binds Cat2 and Mgt. Tn-C binds 4 mol 
Cat2, with two high affinity sites that bind Cat¢ and 
Mgt2 competitively (Cat2 Mgt? sites) and two with lower 
affinity which bind Cat@ exclusively (Gate @-specitic sites). 
Further studies by Leavis et al (1978) utilizing circular dichromism 


(CD) and fluorescent titrations have determined that sites I and lf 
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are the low affinity Cat? specific sites while sites III and IV 
ake the Nigh attinity sites of Tn, 

The trigger for the series of structural events that take place 
during regulation concerns the binding of Cate by the Tn-C 
complex. This metal binding is accompanied by a conformational 
change in the protein molecule which is transferred through the 
quaternary structure of the entire multiprotein relaxing system 
(McCubbin and Kay, 1980). Data presented by Johnson et al, (1979) 
and McCubbin and Kay (1980) indicate that about 70% of the 
conformational change is elicited by the high affinity Cat2 
binding sites and some 25% of the conformational change is produced 
by the low affinity binding sites. 

The binding of Cat? to the low affinity sites (I and II) 
results in a subtle alteration of the tertiary fold of the N 
terminal half of In-C involving weakened contacts between several 
hydrophobic groups by increasing the interatomic distance between 
interacting phenylalanine and methyl groups (Evans et al, 1980). 
The binding of Cat2 to the Cat@Mgt2 sites produces a 
large enhancement of intrinsic tyrosine fluoresence and circular 
dichroism in the 200-400 nm region (Murray and Kay, 1972;), the 
latter indicating an increase in the alpha helix content from 
approximately 30% of the residues in the divalent cation protein to 
50% with the saturation of the Cat2Mgt2 sites. Further 
hydrodynamic measurements indicate that a compacting of the molecule 
and increase in the ordered structure also occurs upon binding of 
Cat2 to the high affinity regions of Tn- C. Finally McCubbin 


and Kay (1980) using ultraviolet difference absorption spectroscopy 
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demonstrated that the environment of one or more tyrosine residues 
have become more nonpolar consistent with the compacting of the 
molecule which also appears to be accompanied by neutralization of 
negatively charged carboxyl groups. 

As previously mentioned, most of the structural changes take 
place on the binding of divalent cations (Cat@Mgt2) to the 
high affinity sites. However binding to the low affinity sites is 
accompanied by additional minor changes in helical content, tyrosine 
fluorescence and the environment of hydrophobic residues (Johnson 
efcal, 1979; Levine et al, 1973). <Erom. this data. it has been 
suggested that Cat2 or Mgt2 binding to the high affinity 
Sites presumably stabilizes the structure of the protein and 
determines its secondary and tertiary structure (Perry et al, 1972; 
Potter and Gergley, 1975). It may maintain it in a conformation 
which is ready for the regulatory event of Cat2 on the Cat 
specific sites (McCubbin and Kay, 1980) which are often termed the 
regulatory sites (Potter and Gergley, 1975). 

The protein chain of cardiac Tn-C is composed of 161 amino acid 
residues (MW 18,450) (Van Erd and Takahashi, 1976). There are fifty 
five replacements and two additional amino acids when compared to 
rabbit skeletal Tn-C. The protein is strongly acidic with an excess 
of thirty negatively charged groups. Van Erd and Takahashi (1975) 
determined that the amino acid sequence of three of the corresponing 
satess(il,,11ly, and 1V) were very similan to ythe -correspondiing 
sequences in rabbit skeletal In-C. The fourth region (I) (res 
28-40) contained seven amino acid replacements and one additonal 


amino acid residue involving the key metal coordinating Asp and Glu 
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residues, therefore concluding that this site had probably lost its 
ability to bind Cat. Further Cat2 binding studies and 
Cat? induced changes in the alpha helix of tyrosine fluorescence 
in cardiac muscle have confirmed the presence of three sites, two 
high affinity Cat@mgt? sites essentially identical to sites 
III and IV of skeletal Tn-C (Leavis and Kraft, 1978; Potter, 1977, 
Poveer otal, bof). “Equilibrium dialysis (Potter, 29773 Potter et 
al, 1977) and ion selective electrode studies (Leavis and Kraft, 
1978) suqgest that cardiac To-G has one low affinity Care 
specific site corresponding to site II. It has been determined that 
this  Ca‘® specific site is Similar in ‘terms of Cate 
attimity, specificity, and Cat coordinating amino acids (Van 
Erd and Takahashi, 1975; Potter et al, 1977) to the two Cat 
Specific regulatory sites of skeletal Tn- C. 

Studies conducted by Johnson et al, (1980) indicate that 
cardiac Tn-C binds Cat2, undergoes Cat2 induced increases jin 
alpha helix, and forms a complex with other Tn subunits as does 
skeletal In-C. The Caté specific site on cardiac JIn-C appears 
to be responsible for the regulation of cardiac muscle ATPase 
activity and contraction while the two high affinity sites maintain 
the stability of the complex as it does in skeletal Tn-C (Potter, 
1977; Leavis and Kraft, 1978; Leavis et al, 1978; Burtnick and Kay, 
1977). 

As well as inducing conformational changes in the Tn complex Tn 
C also functions to 1) neutralize the inhibition of Mg*t@- 


stimulated ATPase of actomyosin inhibited by Tn-I 2) inhibit 
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phosphorylation of fast skeletal muscle Tn-I by 3'5' cAMP dependent 
kinase and phosphorylase kinase in skeletal muscle (but not in 
cardiac) 3) to form a stable complex with Tn-I in the presence of 
Cat? 4) to forin a Cat? insensitive complex to Tn-T. 

Gel electrophoresis studies have identified one site of Tn-C 
that is able to form a complex with Tn-T (Jackson et al, 1975) 
although the specific site is still controversial. Leavis et al 
(1978) concluded that Tn-T binds to region IV (residues 121-159) 
while Grabarek et al (1981) have determined that Tn-T binds to the 
NHo terminal half of In-C. Both studies confirm that Tn-C-Tn-T 
binding is not Cate dependent, thus the Tn molecule is always 
anchored to the thin filament. 

Tn-C is also able to form a stable complex with Tn-I, an 
interaction that requires Cat? for its formation (Head and Perry 
1974). Further studies with proteolytic fragments of Tn-C have, 
suggested at least two sites of interaction with Tn-I (Syska et al, 
1976), a view supported by recent work on the reactivity of lysine 
residues by Tn-C (Hitchcock et al, 1981). Leavis et al (1978) have 
shown both by formation gels and by fluorescence titration that site 
III interacts strongly with Tn-I (res 89-120) while site II (46-77) 
shows a weaker interaction, coinciding with the results of Weeks and 
Perry (1978) and Perry et al (1975). Both regions II and III 
require the presence of Cat2 to form complexes with Tn- I 
suggesting that a specific Care dependent spatial arrangement of 
residues is involved in the binding essential for the interaction to 
occur (Grabarek et al, 1981). More specifically, Perry et al (1979) 


suggests that the conformational changes that occur on Cat2 
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binding bring tne adjacent negatively charged residues not involved 
in cation binding into a more favorable position for interaction of 
the active peptide isolated from Tn-C with Tn-I indicating that 
aspartic and glutamic acid residues involved in the binding of 
Caté may not be directly implicated in the interaction between 
the two troponin components (Perry, 1979). 

The In-C-In-I sites of interaction are proposed to share 
several features. First, all binding occurs on the alpha helix on 
the NHo terminal side of the binding domains (Grabarek et al, 
1981). Second, all contain a remarkably similar cluster of acidic 
residues along one surface of the helix. Since earlier work on Tn-I 
fragments identified two peptides from Tn-I that form complexes with 
Tn-C and have a high concentration of basic amino acid residues it 
has been speculated that the bonds between the two are electrostatic 
(McCubbin and Kay, 1980). Third the lysines in the binding regions 
all exhibit reduced reactivities in the complex with Tn-I (Hitchcock 
et al, 1981; Grabarek et al, 1981). 

Residues 83-134 which are involved in forming one of the 
can dependent complexes with Tn-I function to neutralize the 
inhibition of Tn-I on the Mgt2 stimulated ATPase of desensitized 
actomyosin. The peptide also inhibits the phosphorylation of fast 
skeletal muscle but not cardiac muscle Tn I by 3'5' cAMP dependent 
protein kinase (Weeks and Perry, 1978). 

Two possible mechanisms have been suggested for the manner in 
which Tn-C neutralizes the activity of Tn-I (Perry et al, 1975). In 
the first scheme Tn-C interacts with Tn-I in the N terminal region 


in a way that does not physically block the region of the inhibitory 
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peptide. By a conformational change induced as a result of the 
interaction the conformation of the inhibitory peptide region 
becomes modified so that it can no longer interact with actin nor 
can the adjacent residue at postion 118 be phosphorylated by 3'5' 
cAMP dependent protein kinase. In the alternate scheme the folding 
of the polypeptide chain in Tn-I is such that the N terminal region 
and that of the inhibitory peptide are adjacent to the surface of 
the protein. Thus, the interaction of TJn-I with Jn-C would 
effectively render the inhibitory peptide region unavailable for 


phosphorylation or interaction with actin (Perry, 1973 ). 
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Introduction 

In resting muscle the free Cat® concentration is lower than 
10-7 M and the concerted action of the tropomyosin-troponin 
system results in an inhibition of the Mg*t2 stimulated ATPase 
activity of the myofibril (Adams and Schwartz, 1980). Cardiac 
contraction is initiated when an action potential occurs across the 
sarcolemma. The small amount of Cat@ that crosses the 
sarcolemma during the action potential triggers a Cat2 release 
mechanism from the terminal cisternae of the sarcoplasmic reticulum, 
raising the Cat2 concentration in the sarcoplasm to 10-9 
(Fabiato and Fabiato, 1977). The Cat2 diffuses to the troponin 
molecules of the thin filaments, and at this Cat@ concentration 
(10-9 M) binds to the Tn-C complex altering the conformation of 
Tn-C. This removes the inhibition of Tn-I and tropomyosin on 
Mgt2 stimulated ATPase activity by permitting the exposure of 
the myosin binding site on actin (Squire, 1974). 

Muscle contraction consists of the cyclic attachment and 
detachment of the globular portion of the myosin molecule to the 
actin filament which results in the sliding of the filaments past 
one another. The energy for this process is provided by the 
hydrolysis of ATP following activation of the myosin ATPase enzyme. 
Relaxation is initiated when the SR accumulates Cat@ ions 
permitting disociation of the Caté ons from the troponin 
complex. The contraction-relaxation cycle is the topic of the 


following section. 
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Physiological Mechanisms of Muscular Contraction 

In 1954 H.E. Huxley and Hanson and A.F. Huxley and Niedergerke 
independently developed the sliding filament theory which has 
provided a basis for the physical and chemical events of muscular 
contraction. The theory suggests that contraction is brought about 
when the interdigitating thick and thin filaments slide past one 
another without a change in length in either filament. Shortening 
of the muscle fiber and tension development occurs as the result of 
cyclic reaction between the projections of the myosin filaments and 
active sites on the actin filaments. The myosin projection attaches 
to the thin filament to form a crossbridge and presumably swivels to 
a different angle pulling the thin filaments past the thick. The 
crossbridges on opposite sides of the M line swivel in opposite 
directions which pull the filaments into a greater overlap towards 
the center of the sarcomere, thus decreasing the distance between Z 
lines and shortening the _ muscle. In order for significant 
shortening each crossbridge must act in a cycle; it must attach, 
Swivel, detach and then reattach at a point farther along the thin 
filament with a single cycle causing a relative movement of the two 
filaments by about 100 A°. 

In 1957, H.E. Huxley added to this theory by incorporating the 
force velocity curve and the relation between load and the rate of 
energy liberation by A.V. Hill (1938) into his original sliding 
filament theory. 

Relation to A.V. Hill's Theory 


In 1938 A.V. Hill determined 1) that the rate of liberation of 


heat increases linearly with the speed of contraction 2) the increased 
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rate of energy liberation flattens off at higher speeds. of 
shortening indicating that the energy liberated per change of length 
decreases as the speed of shortening increases 3) a fall in energy 
liberation occurs when a muscle is stretched during contraction. 

To explain these phenomonen, Huxley proposed that the 
individual crossbridges undergo cycles in which they attach, 
generate force, and detach, with detachment presumably brought about 
by interaction with ATP. Relating to the increased energy release 
when shortening is permitted, he suggested that detachment (g) is 
Slow unless shortening occurs and the sliding movement allows the 
crossbridge to complete the working part of its stroke. The rate 
constant for attachment (f) of a free crossbridge is moderate in 
relation to the speed of shortening to explain the fact that as the 
speed of shortening increases the energy liberated per change in 
length becomes smaller. Thus at low speeds of shortening each 
crossbridge has sufficient time to attach to each site of actin that 
is within range as the filaments slide past one another. At higher 
speeds of shortening the rate constant for attachment becomes rate 
limiting, and sufficient time is not available for the crossbridge 
to attach to each site of actin. In explaining the reduced energy 
liberation during stretch H.E. Huxley (1957) made the suggestion 
that the attachment process was reversible without the splitting of 
ATP if the crossbridge was prevented from going through its working 
stroke. 

In his 1957 model H.E. Huxley proposes that actin and myosin 
are initially detached with myosin oscillating back and forth about 


its equilibrium position as a result of thermal agitation 
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(Brownian motion). If actin appears to be within the range where 
the combination of myosin with actin is catalyzed attachment nay 
take place. When this happens the tension on the elastic element is 
exerted on the actin thread. The extent of movement between the two 
filaments is limited by an elastic connection which Huxley assumes 
is located in the crossbridge. A second variable introduced in the 
model is denoted "x", a measure of the position of the actin site 
relative| to the crossbridge which, decreases at. a constant rate 
during steady state shortening. 

Relation to the force-velocity curve 

One further addition to the Huxley (1957) model is the notion 
that a crossbridge can exert either a positive or negative force. 
Huxley proposed that many steady state properties of muscle could be 
explained by having the crossbridges attach at a moderate rate (f) 
and detach slowly (g) in a region where they exert positive force 
and detach rapidly where they exert negative force. It has been 
suggested that most of the force-velocity curve is determined by the 
value f. Only when the velocity is nearly maximum is the slope 
affected by the detachment rate. 

The force-velocity curve indicates that as the velocity of 
steady state isotonic contraction increases, the force (P) exerted 
by a muscle decreases in a hyperbolic fashion. At both zero 
velocity (maximum force) and maximum velocity (zero force) the 
muscle does no work, but at intermediate velocities the rate of work 
production increases to maximum at about 1/3 Vmax decreasing again 
at higher velocities. 


Where the attachment of the crossbridge is postulated to be 
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relatively slow there is a marked decrease in the number of attached 
crossbridges that exert positive force as the velocity increases, 
therefore in Huxley's model the decrease in force with increased 
velocity is primarily due to the slow attachment rate. Consequently 
the model predicts (as does Huxley and Simmons, 1971) that the 
number of attached crossbridges will decrease as velocity increases. 

H.E. Huxley (1969) added to this model by presenting a simple 
Structural model of the cycle which has become the basis for later 
physiological models. The essence of this model is a preferential 
attachinent of the crossbridge at some angle 0], rotation through 
the angle from 01-09, and detachment at angle Oo. The 
proposed angles are 90° and 135° with relation to the axis of the 
thin filament pointing toward the end of the sarcomere. In addition 
Huxley assumed that the myosin head attaches to the myosin filament 
by two flexible joints, one at the junction of S-2 with LMM and the 
second at the junction of the S-1 S-2 parts of the molecule, a fact 
later confirmed by Mendelson et al, (1973). This allows. the 
orientation of the head of the molecule to be maintained; the 
flexibility of the joint allows the link to swing further out from 
the backbone of the filament by bending at the HMM-LMM junction 
allowing direct myosin-actin interaction to take place over a wide 
range of interfilament spacing. The occurrence of the two joints 
gives the unattached crossbridges considerable azithmuthal and 
radial flexibility which Huxley points out is a necessary property 
of the crossbridge. As the muscle shortens over a relatively long 
distance the distance between the filaments changes markedly while 


the force exerted per crossbridge remains constant. 
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The Podolsky-Nolan Model 

Rather than adjusting the crossbridge parameters to fit the 
force velocity relation, Podolsky and Nolan (1971) attempted to fit 
the nonsteady motions that precede steady shortening after step 
changes in load, discovered after Huxley's 1957 model (Podolsky, 
1960; Civan and Podolsky, 1966). 

Relation to step changes in load 

The idea of investigating contraction processes by imposing a 
sudden change of mechanical conditions during a contraction is not 
new. Gasser and Hill (1924) and Levin and Wymann (1927) utilized 
the transient responses recorded when the load on the muscle fiber 
or length was suddenly changed to determine that active muscle can 
be represented as two components in series, a contractile component 
and a series elastic component. The contractile component was 
defined as having a definite force-velocity curve that at any 
instant its speed of shortening was determined initially by the load 
of the muscle at that instant. Similarly, the series elastic 
component was defined as having a length that was entirely 
determined by the load at that instant. 

Podolsky (1960) and Civan and Podolsky (1966) were the first to 
show that the responses of muscle to sudden changes of load or 
length were much more complicated than those of the two component 
model. They determined that there was an initial shortening as 
would be expected from a series of changes (velocity transient) with 
no consistant pattern as predicted by the two component model. At 
first the speed of shortening was several times higher than the 


steady state value for the load, declining to a lower value, to zero 
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or reversing its direction, finally building up slowly to its steady 
State value. 

To explain this data Podolsky and Nolan (1971) proposed a model 
with only one attached state jin which the rapid redevelopment of 
force following a quick release is due to the attachment of new 
crossbridges. A small shortening step allows some of the 
crossbridges to transfer from a situation where they exert little or 
no force to one in which they exert substantial force. This 
transition is made by the attachment of crossbridges free in the 
isometric state. The model postulates 1) a rapid attachment of the 
crossbridges in regions of positive force and relatively slow 
detachment following net ATP hydrolysis in regions of negative force 
2) an increased number of crossbridges and therefore an increased 
stiffness at the end of rapid early recovery. 

Huxley and Simmons Model 

Huxley and Simmons (1971) utilized the converse experiment of 
Podolsky and Nolan (1971) where a sudden small change is imposed 
during an isometric contraction and the ensuing tension changes are 
recorded. They determined that tension undergoes a relatively large 
alteration simultaneously with the step changes in_ length, 
recovering quickly towards a level closer to that which existed 
before the step. The final recovery to the original tension takes 
place on a much slower time scale. In essence they found a tension 
change simultaneous with the length change which varied in direct 
proportion to the amount of overlap and therefore to the number of 
crossbridges capable of contributing to tension. On these grounds 


Huxley and Simmons (1971) proposed that the majority of the 
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instantaneous elasticity resides in the crossbridge, and that this 
instantaneous elasticity is attributed to the simultaneous drop in 
tension and simultaneous shortening found in their L-T curves. 
Further to this they proposed that in addition to the instantaneous 
elastic element the crossbridge contains an element with viscous and 
elastic properties that can maintain tension while taking up limited 
but substantial amounts of length change accounting for the early 
tension recovery. The gradual recovery of tension was accounted for 
by detachment and reattachment of the crossbridge with kinetics, 
Similar to those postulated in the 1957 model. By placing the 
elastic element in the crossbridge they have made it possible for 
each of the crossbridge states to exist over a wide range of axial 
positions (x) first introduced by A.F. Huxley (1957). The attached 
crossbridge can then act as a spring. From their quick release 
Studies Huxley and Simmons (1971) determined that it can be 
stretched or compressed more than 40 A°, therefore their revised 
model proposed that when the filaments move past one another the 
spring S-2 exerts either positive or negative force. The angle of 
the crossbridge head does not change as the crossbridge moves along 
x, rather a change in state causes a change in angle of the attached 
crossbridge. When transitions between the two attached states occur 
the independent elastic element in the crossbridge is either 
stretched of compressed. Since the 1957 theory does not account for 
the transient responses that are seen when the length load is 
suddenly altered during a contractrion, Huxley and Simmons (1971) 
favor the production of tension occuring as a step distinct form and 


subsequent to the attachment itself. 
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A Comparison of the Two Models 

Several similarities exist between the Podolsky and Nolan model 
and the Huxley and Simmons models. The similarities include 1) a 
small shortening step allows some of the crossbridges to transfer 
from a situation where they exert little force to one in which they 
exert a substantial force 2) the rate constant for this transfer 
increases with the size of the shortening step 3) rapid detachment 
does not begin rapidly after the start of shortening. The 
differences between the models include 1) In the Podolsky-Nolan 
model the transition during the shortening step is made by the 
attachment of crossbridges which werertnee in the isometric state 
while in the Huxley-Simmons model the crossbridges are attached 
throughout and transfer from one attached state to another to exert 
force. Unlike the Huxley-Simmons theory the Podolsky-Nolan theory 
predicts an increased number of attached crossbridges and therefore 
increased stiffness at the end of the early rapid recovery 2) 
Podolsky and Nolan also show the number of attached crossbridges 
should be greater during steady shortening than in the isometric 
condition (Huxley and Simmons, 1971). 
The Eisenberg and Hill Model 

Eisenberg and Hill (1978), modified the Huxley-Simmons model so 
that the crossbridge is not only elastic but by changing state can 
exert force. The force can be developed when one state transforms 
to another, but positive work is done only when the crossbridge in a 
Single attached state moves along x as the free energy drops. 
Introduced into their model jis “angular free energy" defined as the 


free energy in the interaction of the myosin head with actin and 
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“structural free energy" defined as the free energy stored in the 
independent elastic element localized in S-2. Unlike the 
Huxley-Simmons model where the angular free energy wells are narrow 
Eisenberg and Hill (1978) suggest that the angular free energy wells 
might be much broader. In this way a change in angular free energy 
rather than one dimensional Brownian motion could stretch the 
elastic element during a change in state. The independent elastic 
element can then be discarded while the crossbridge elasticity is 
provided by the broad angular free energy wells. In such a model 
the force is exerted directly by interaction between the crossbridge 
head and actin rather than indirectly via the independent elastic 
element. As the filaments slide past each other the elastic element 
is not stretched, the attached crossbridge simply changes angle 
exerting either positive or negative force. Unlike the Huxley- 
Simmons model where the angle of the crossbridge head does not 
change as the crossbridge moves along x, in the Eisenberg and Hill 
model the cross bridge head smoothly rotates through varying angles 
as its axial position or x value changes. Because there is no 
independent elastic element in this model there is no structural 
free energy, rather the total free energy of the crossbridge is 
equal to the angular free energy which by itself provides elasticity 
of the crossbridge. As the muscle shortens or is stretched movement 
of the crossbridge states provides the elasticity which in the 
Huxley-Simmons model was provided by the independent elastic 
element. 

To summarize, the key difference between the Huxley-Simmons 


model and the Eisenberg-Hill model is that a change in state causes 
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a change in the angle of the attached crossbridge while in the 
Eisenberg and Hill model transition between the two states occurs 
without any change in angle. 
Cardiac Muscle Mechanics 

On the basis of mechanical properties described for skeletal 
muscle several conceptual models of contraction mechanics have been 
developed for the isolated cardiac muscle (Sonnenblick, 1962; 
Minelli et al, 1975). Most studies utilize a three component model 
consisting of an active contractile element (CE) which is arranged 
in series with a passive elastic element (SE), both of these 
components being coupled in parallel with another elastic element 
(PE). This component does not appear to participate directly in 
contraction but is considered to contribute to the resting tension 
of the muscle as a non linear function of its length (Sonnenblick, 
P2602 

On stimulation after a short latency the CE is fully activated 
rapidly attaining its maximum capacity to resist stretching, as well 
as its maximum ability to develop force and shorten. During an 
isometric contraction it shortens and stretches the SE although the 
overall muscle length remains constant, thus delivering force to the 
muscles external fixations. The SE element functions to dampen the 
force generated by CE. Therefore peak tension does not equal the 
CE, instead peak tension occurs when the tension exerted Dy BSE 1S 
just equal to the tension under which CE will neither lengthen nor 
shorten during activation. Under these circumstances the peak 
tension represents the active state CAS )s The active state is 


defined as a measure of the mechanical energy derived from 
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chemical reactions in the contractile element whether measured jin 
terms of a capacity to develop force or an ability to shorten (Adams 
and Schwartz, 1980). Changes in the rate of tension development 
(dp/dt) and the magnitude of developed tension are directly related 
with the intensity of AS. 

The delay of force development observed in cardiac and skeletal 
muscle is due to the time necessary for the contractile element to 
Shorten and stretch the SE element. Force builds up in the SE 
element as it becomes stretched according to stretch strain 
characteristics. The velocity of shortenting falls as the force (P) 
against which it is shortening is increased. This property of the 
CE is denoted by the force-velocity relations. The rate of force 
deveopment dp/dt is then uniquely determined by the interaction of 
the activated contractile element and the SE component. 

As in other types of muscle the actively developed tension of 
heart muscle is a function of its length prior to the onset of 
contraction. This phenomonen in the intact heart forms the basis of 
the Frank Starling principle (Sonnenblick, 1962). The length 
tension relationship in skeletal muscle contends that with an 
increase in length of the muscle from an initial unstretched state 
the degree of overlap and consequently the number of potentially 
active actomyosin complexes increases with a greater number of 
actomyosin complexes formed as the tension increases. Further 
increases in length result in a reduction in the amount of active 
tension production as the optimal degree of filament overlap is 


surpassed. At any given fiber length and degree of myofilament 
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overlap, alterations in the state of activity and changes in tension 
development depend on the number and intensity of actomyosin 
complexes as well as an increase in the rate and duration of complex 
formation. 

The relatively straight forward nature of the time and length 
dependent features of skeletal muscle are in marked contrast to the 
Situation in the heart. As already mentioned sudden stretching of 
skeletal muscle reveals a rapid onset of the active state which 
manifests as a plateau of tension early in the course of the twitch. 
In cardiac muscle the active state is slow in onset and thus is time 
dependent with no plateau observed after quick stretch - the 
contractile event lasts several hundered milliseconds as opposed to 
the much shorter twitch of a skeletal muscle. The inability of the 
length tension to account for the activation process in cardiac 
muscle occurs at the short sarcomere lengths (Katz, 1977) where the 
length tension relationship is poorly understood. 

Relationship Between Velocity of shortening and ATPase Activity 

Before leaving the physiological aspects of muscle contraction 
one further relationship must be eludicated, namely the Vmax-ATPase 
relation in ventricular muscle. It is well documented that the 
velocity of unloaded shortening (Vmax) has a positive correlation 
with myosin ATPase in both skeletal (Barany, 1967) and cardiac 
muscle (Carey et al, 1979; Hamrell and Low, 1978). The implications 
of such a correlation is that the rate of unloaded muscle shortening 
is related to the ability of the myosin molecule to release chemical 
energy by hydrolyzing ATP. This phenomonen is in agreement with the 


experiments of A.V. Hill (1938) on the mechanics and heat production 
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of skeletal muscle. A.V. Hill demonstrated that the rate of heat 
production was a function of the velocity of contraction and implied 
that the rate of energy release was related to the velocity of 


shortening. 


The Biochemistry of Muscle Contraction 
The Eisenberg and Moos Model 

In studies on the steady state ATPase activity of acto HMM and 
acto S-l1 it has been found that a linear relationship exists when 
the reciprocal of the ATPase rate is plotted against the reciprocal 
of the added actin concentration (Eisenberg and Moos, 1968; 1970). 
The intercepts of this double reciprocal plot yeild values for the 
maximal actin activated ATPase rate (Vmax) and the = actin 
concentration required for 1/2 maximal ATPase activity (Kapp). From 
the intercepts of these plots it was determined with Mg*t2 
present at low ionic strength that the acto HMM is about one hundred 
times more dissociated in the presence of ATP. Further studies by 
Eisenberg and co-workers (1968) determined that acto S-1 is capable 
of hydrolyzing ATP and being dissociated by ATP. Since S-1 was 
postulated to have a single binding site for ATP they concluded that 
the same ATP site is involved in both of these processes. 

To account for these results Eisenberg and Moos (1968) and 
Eisenberg et al (1968) proposed the kinetic model shown in Figure IV 
where M=myosin, A=actin, T=ATP and D=ADP. In this model, the first 
reaction to occur is the combination of myosin ATP with actin to 


form the actin-myosin-ATP complex. In the second reaction or 
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motion producing action, actin activates the splitting of bound ATP, 
and the ternary A-M-T complex is formed with the bridge in the 90° 
configuration so that motion will occur when it transforms to the 
rigor state. The driving force for this motion producing reaction 
comes from both the conversion of bound ATP into bound ADP and from 
the transformation of the relatively weak bond between actin and 
myosin ATP to the much stronger rigor actin myosin ADP bond. In the 
third reaction the dissociation of the rigor actin myosin bond is 
coupled energetically with the replacement of ADP by ATP on the 
hydrolytic site of the myosin crossbridge. 

Although this model explains the steady state ATPase activity 
of acto S-l and acto HMM, it does not take into account the 
pre-steady state behavior of myosin alone. Several studies indicate 
that once ATP binds to myosin it is hydrolyzed to form bound ATP and 
PA SaOne= tne =surtace OT = tne enzyne. ines them esencemso, Caté and 
Mgt2 , This ATP hydrolysis occurs much more rapidly than the ADP 
and P; are subsequently released, and has been termed the initial 
Pas purse (Lymn and Taylor, 1970; “Taylor eth aly-=1970;" Tonumura’ et 
al, 1969), which had not been accounted for in the Eisenberg and 
Moos model. 

In addition, the Eisenberg and Moos model did not provide a 
mechanism for the binding of ATP to detach the myosin from actin 
during each cycle of ATP hydrolysis. The first evidence that 
dissociation and reassociation of the actin and myosin filaments 
occured each time ATP was hydrolyzed came from the work of Lymn and 
Taylor (1971). Their pre-steady state experiments show that when 


ATP was added to a complex of actin and HMM, dissociation of the 


actin 
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HMM complex by ATP occurred before the initial burst of ATP 
hydrolysis: (P& burst) on the HMM head. These workers also 
determined that at low actin concentrations the rate of dissociation 
of ATP was much faster than the rate of ATP hydrolysis in the 
initial Pj; burst. Lymn and Taylor (1971) thus proposed a model 
(Figure I (2) to account for both the Py burst and the association 
and reassociation of the actin and myosin filaments not included in 
the Eisenberg and Moos model. 

To summarize, the major features of this model are 1) the 
dissociation of the acto HMM complex by ATP (A-M-T>M-T) precedes 
nydnolysis of the “ATP son @the SHMMeein the indtial “Ps “burst 
(M-T>M-D-P) jie: the hydrolysis step occurs after HMM is dissociated 
from actin 2) it requires S-1 to detach from actin each time an ATP 
molecule is hydrolyzed because the initial P; burst is postulated 
to occur only when the S-l fragment is detached from actin 3) the 
major rate limiting step in the cycle is a relatively slow release 
of products occuring after the HMM rebinds actin. Thus this model 
as originally presented suggests that at high actin concentrations a 
large fragment of the HMM or S-1 would remain complexed with actin 
even in the presence of ATP. 

One of the most attractive features of this model is that it 
provides a possible mechanism for the cyclic dissociation and 
reassociation of the myosin crossbridge with actin. Before ATP 
binds the cross bridge is strongly attached to actin at a 45° angle. 
When ATP binds the binding of the crossbridge to actin is weakened 
and detaches. Only when the initial Pj burst occurs is the cross 


bridge able to reattach to actin presumably at a 90° angle. Finally 
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as ADP and P; are released the attached crossbridge rotates from a 
90° angle back to a 45° angle simultaneously doing work (Adelstein 
and Eisenberg, 1980). 

As mentioned, one of the major predictions of the Lymn-Taylor 
model was that the rate limiting step in the ATPase cycle was the 
release of products which occurred after the myosin product complex 
rebound to actin (A-M-P-P; > A-M). This led to the prediction 
that almost all of the HMM or S-1 should be complexed with actin 
when the ATPase is close to Vmax. Contrary to this prediction 
viscosity, CUD IaItys quasi electric light scattering, 
ultracentrifuge, and kinetic studies have demonstrated that even 
under conditions where the actin activated ATPase is close to its 
maximal value (Vmax) a large fraction of the HMM or S-1l remains 
dissociated from the actin (Eisenberg et al, 1972b; Fraser et al, 
1975; Mulhern and Eisenberg; 1976 Eisenberg and Kielly, 1972). On 
this basis they proposed that in the presence of ATP the myosin head 
can exist in two conformations. One of these conformations they 
called the refractory state since it seemed to be unable to bind to 
actin at any concentration of actin obtainable in vitro. The other 
conformation they called the non refractory state since it was able 
to bind actin thus accounting for the actin activation of the HMM. 
Their model suggests that both of the HMM heads act independently. 
Presumably on a random basis as one head of HMM goes through the 
cycle the other head will remain refractory so that only one head of 
the HMM binds to actin at a time. 

The refractory state model is identical with the Lymn-Taylor 


model except that an additional step, the transition from the 
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Figure IV Refractory State Model (Stein et al, 1979) 


refractory to the non refractory state was added following the 
imittal Py-ebugst (Figure 1.(3))). «like tie, initial P+ burst. this 
Step could only occur when S-1 was detached from actin. In 
contrast to the Lymn-Taylor model the myosin remains in the 
dissociated or refractory state for most of the cycle until a rate 
limiting transition to the non refractory state occurs. Only then 
can rebinding to actin occur which in turn causes the rapid release 
of products. Thus in contrast to the slow product release suggested 
by the Lymn-Taylor model the major rate limiting step in the 
refractory state model is the transition from the refractory to the 
non refractory state that occurs before the myosin head rebinds to 
actin. 

The refratory state model provides a biochemical explanation 
for H.E. Huxley's (1957) model of crossbridge action where a slow 
rate of detachment of the crossbridge to F actin was quite slow, 
important in determining a large part of the force velocity curve 
and explaining the levelling off of ATP turnover rate at high 
velocity. The slow transition from the refractory to the non 
refractory state may explain the slow detachment of the crossbridge 
in vivo. In the refractory state model the rate of product release 
which occurs after S-1 reattaches to actin is rapid, consistent with 
the brief time a crossbridge spends attached in a rapidly shortening 
muscle. 

Modified Refractory State Model 

The modified refractory state model in its simplest form 
predicts that at saturating actin concentrations all of the S-1 will 
be dissociated from actin yet it has always been observed that a 


small fraction of the S-1 or HMM binds to actin as the steady state 
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ATPase activity reaches Vmax. The results of Stein et al (1979) 
show that the binding between S-1 and actin does indeed occur during 
Steady state ATP hydrolysis at high actin concentrations. They 
suggest this must be due to incomplete dissociation of the acto S-1l 
complex by ADP thus developing a rapid equilibrium between A-M*-T 
and M*-T. In addition Stein and co-workers did not find an 
inhibited ATPase activity at high actin concentrations, and 
therefore proposed that ATP hydrolysis could occur’ without 
dissociation of the acto S-1 complex (A-M-T>A-M-D-P;), a step that 
was postulated not to occur in the three models already discussed. 
They concluded that the refractory state M-D-P;(R) was not 
refractory to binding actin, but in effect bound to actin with the 
Same binding constant as M-T. With this they proposed the model in 
Figure 1(4). The kinetic model of Stein et al (1979) is similar to 
the original refractory state model in that the rate limiting 
transition occurs after the initial, Py ourst.) elt differs from) the 
Original refractory state model in that M-D-Pj can form a complex 
with actin, therefore the initial Pj burst and the rate limiting 
transition from M**D-P; to M-D-P; can occur with the S-1 bound 
to actin as well as dissociated from actin. Although the refractory 
and non refractory state can bind weakly to actin the slow 
transition from the refractory state still limits the rate of which 
S-1 can undergo the subsequent rapid transitions to A-M*-D and A-M 
the states in which the S-l is strongly bound to actin. Thus, 
rather than a cycle from the unattached to the attached states 
occuring as in the original refractory state model a cycle from 


weakly bound to strongly bound states occurs. Presumably one of the 
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Strongly bound states is the major force producing state in the. 


muscle (Eisenberg and Hill, 1978) Although the crossbridge in the 
refractory state may be weakly attached to actin in a rapid 
equilibrium it is still blocked from transforming to the major force 
producing state until it undergoes a conformational change to the 
non refractory state. 

Two additional aspects of this kinetic model are of interest 
with regard to the mechanism of crossbridge action in vivo. First 
this model has no step where the S-l must detatch from actin. If 
during the ATPase cycle the S-1 attached to actin goes from 90° to 
45° it can go back to 90° without first detaching from actin. If 
the weakly attached states are in rapid equilibrium with unattached 
states and can rapidly detach when they exert negative force a 
manditory detachment step may not be necessary (Eisenberg and 
Greene, 1980). Second, in the Lymn-Taylor model it was assumed that 
A-M*-T was a 45° state while A-M**-D-P; was a 90° state. In the 
Stein model there is no manditory detachment step so it is unknown 
which attached states are 90° and 45° although they postulate that 
the weakly attached states are 90° while the strongly attached 
states are at 45°. 

Complete Crossbridge Models 

The first major attempt to combine the structural, biochemical, 
and physiological observations into a model of crossbridge action 
was undertaken by Eisenberg and Hill (1978). The biochemical basis 
for the crossbridge model was a simplified version of the actomyosin 
cycle introduced by Chock et al (19764). The physiological and 


structural basis for the model came from the studies of (Huxley, 
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The model consists of four states; two unattached states, the 
refractory and the non refractory and two attached states 
A-M-D-P;N (90°) and A-M-D (45°) which occur in significant 
concentrations, while the other states are assumed to be transient 
intermediates. In their model Eisenberg and Hill utilize Huxley's 
1957 variable "x" the measure of the active site relative to the 
crossbridge. The value of x is directly related to the angle of the 
attached crossbridge (ie at a 90° angle x=80 A°, at 45° angle x=0). 
In addition, the force energy studies of T.L. Hill (1974, 1977) 
indicate that the free energy of the attached state depends on x due 
to its elacticity, stretching or compressing the  crossbridge 
increases the free energy level. The slope of the free energy curve 
for an attached state at any value of x is equal to the force 
exerted by the crossbridge state of the value of x. 

The Eisenberg and Hill (1978) model proposes that the 
crossbridge initially in the refractory state transforms to the non 
refractory state and binds to actin to form the 90° attached state 
A-M-D somewhere near x=0, rapidly changing to state A-M-D in the 
45° state. By incorporating the independent elastic element into 
the crossbridge as proposed by Huxley and Simmons (1971) they 
suggest that the change to the 45° state stretches considerably the 
elastic element in the S-2 of the crossbridge causing force 
development. The crossbridge simultaneously moves along x and drops 
in free energy as the spring in the S-2 shortens. When the spring 
reaches its equilibrium position or is slightly compressed the 


crossbridge releases ADP and Pj, rebinds ATP, and detaches from 
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the actin to form M-D (+D). It is then ready to begin a new cycle. 

Several key features of this model should be emphasized. First 
the crossbridge does positive work in an attached state when it 
drops in free energy only if it simultaneously moves along x. 
Second, in the 90° and 45° states the crossbridges prefer being at 
90° and 45° angles respectively but can rotate to higher angles 
where they exert positive force and lower angles where they exert 
negative force. Third and most important, the elastic properties of 
the crossbridge states do not determine the rate constants between 
states, therefore the rate constants between the 90° and 45° states 
do not depend on the thermal motion to stretch an elastic element as 
does the Huxley-Simmons model. 

The fact that the rate constants between the 90° and 45° 
crossbridge states do not depend on the elasticity of the 
crossbridge allowed Eisenberg, Hill, and Chen (1980) to extend their 
1978 model to include a free energy profile, four pairs of rate 
constants for the four states, and a proposal relating the 
biochemical parameters with the physiological parameters namely the 
ATPase rate and the force velocity curve. 

Huxley (1957) proposed, and Eisenberg, Hill and Chen (1980) 
confirmed that many of the steady state properties of muscle could 
be explained by having the crossbridges attach at a moderate rate 
(f), detach very slowly (g) in the region where they exert positive 
force, and detach rapidly where they exert negative force. Where 
the attachment of the crossbridge is postulated to be relatively 
slow there is a marked decrease in the number of attached 


crossbridges that exert positive force as the velocity increases. 
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As ein the HE. Huxley (1957) modél the idecrease in force with 
increased velocity is primarily due to the slow attachment rate. 
Consequently the model predicts that the number of attached 
crossbridges will decrease as the velocity increases, therefore the 
Huxley proposal was a key factor in the rate constant values of the 
Eisenberg Hill and Chen model. In their model it is suggested in 
matching the high efficiency of muscle contraction (54%) that the 
binding constants of ATP and actin to myosin are similar. To make 
these binding constants alike requires an effective actin 
concentration of approximately 10 M. In addition by making the 
binding constants of ATP and actin to myosin similar the free 
energies of the 45° state and the refractory state are similar 
causing very little loss free energy when ATP dissociates the 
crossbridge from actin keeping the efficiency high. 

The modified model of Eisenberg and Hill (1978) proposes that 
the crossbridge makes the transition from the refractory to the 
nonrefractory state (M-D-Pp > M-D-Pjny). Tne. rate constant for 
this transition is based upon the Vmax determined in biochemical 
experiments and is similar to "f" in the Huxley model. Following a 
rapid attachment step (M-D-P;y > A-M-D-Pjy) the crossbridge 
undergoes a transition from the 90° state (A-M-D-Pjy) to the 45° 
state (A-M-D). The rate constants for this transition were based on 
the rate of recovery of force in the isometric transient as a 
function of the amount of release of stretch (Eisenberg and Hill, 
1978). The rate of detachment from actin was assumed to depend on 
the rate of ADP release with the subsequent rebinding of ATP and 


detachment of the crossbridge being rapid. The rate of ADP release 
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dependent on x was slow until the crossbridge reached minimum free 
energy at x=0, similar to the “x" dependence of the detachment rate 
constant "g" in the Huxley model. Following the detachment of the 
crossbridge the crossbridge again is in the refractory state 
M-D-Pyp ready to begin another cycle. 

The models proposed by Eisenberg and Hill (1978) and Eisenberg 
Hill and Chen (1980) assumed that the crossbridge detached and 
reattached every cycle. The crossbridge model of Stein et al (1979) 
requires a mechanism for the cyclic detachment of the crossbridge in 
vivo as the muscle shortens although ATP hydrolysis can occur in 
vitro with or without detachment of S-l from actin, and the large 
decrease in free energy associated with ATP hydrolysis. 

Eisenberg and Green (1980) have revised their previous model to 
include the following modifications 1) based on the data of Marston 
et al (1978) they propose that ATP like its analogue AMP-PNP may 
increase the prefered angle of the crossbridge from 45° back to 90° 


2) the minimum free energy of AMT is lower than M-T consistant with 


the marked free energy drop when ATP binds to actomyosin 3) their 


model suggests that the crossbridge in the refractory state rapidly 
attaches to actin in a region where it exerts positive force, the 
crossbridge then makes the rate limiting transition to the non 
refractory state. Following this transition the conformational 
change associated with P; release occurs rapidly at about x=80 A® 
just as the conformational change induced by ATP changes the 
prefered angle of the crossbridge from 45° to 90°. On the other 
hand conformational changes associated with Pj; and ADP release 


return the crossbridge to a preferred angle of 45°. Relating the 
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data of Marston et al who suggest that ADP lengthens the muscle 
fiber Eisenberg and Greene (1980) suggest that the release of P; 
returns the preferred angle of the crossbridge to 50° while ADP 
release is necessary to return it all the way to the preferred angle 
of 45°. This ability of ADP to increase slightly the preferred 
angle of the crossbridge may provide a mechanism for keeping the 
crossbridge attached to actin until it has nearly completed its 
power stroke. Following the release of ADP the crossbridge rebinds 
ATP to form A-M-T with a preferred angle of 90° which exerts 
negative force breifly before it detaches and begins a _ new 
crossbridge cycle. This detachment occurs only when the muscle is 
Shortening. In the isometric state the crossbridge will not detach 
as it hydrolyzes ATP, rather it will oscillate between the various 
attached states spending most of its time in state A-M-D exerting 
positive force. 

In contrast to the model of Eisenberg Hill and Chen (1980) in 
the new model the number of attached crossbridges will probably not 
change as the shortening velocity increases because the refractory 
state is weakly attached to actin consistent with the Xray 


diffraction studies of Podolsky et al (1976). 


Specific Kinetic Steps 
Myosin 

The pre-steady state kinetic studies (Tonomura and Inoue, 1975; 
Bagshaw et al, 1974; Taylor, 1977; Stein et al 1979) have presented 
evidence suggesting that either one or both of the myosin heads obey 


the mechanism in Figure I (4) for the binding and hydrolysis of ATP. 
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This mechanism has been incorporated into the upper line of the 
Stein et al, (1979) model and includes three steps, the binding of 
ATP to myosin, the hydrolytic step and the release of products. 
Using the nomenclature of Bagshaw et al (1974) * and ** 
qualitatively represent the amount of fluorecence enhancement shown 
by various intermediates. 
The binding of ATP to myosin 

The binding of ATP is postulated to occur in two steps the 
weak binding of ATP to form the collision intermediate M*-T, 
followed by an irreversible first order conformational change to 
form M*-T (Bagshaw and Trentham, 1974). This conformational change 
is considered irreversible because K-2 has been reported to be about 
10-2 s-! (Bagshaw and Trentham, 1973; Mannherz et al, 1974; 
Goody et al, 1977) much less than Kq which is about 10-@ 
s-! (Trentham et al, 1972). Thus the rate of detachment of ATP 
from myosin is much slower than the rapid binding of ATP to myosin. 
In addition, the binding constant of ATP to myosin has a value of 
about 1010-1911 yl (Bagshaw et al, 1974; Johnson and 
Taylor, 1978; Chock et al; 1979), therefore a very large change in 
free energy occurs when ATP binds to myosin (Stein et al, 1979). 
The hydrolysis step 

Most workers agree that several phenomenon accompany the 
interaction of ATP with myosin. An enhancement of tryptophan 
fluorescence (Bagshaw et al, 1974) and ultraviolet absorbance 
occurs (Morita, 1969), Ht is released (Chock and Eisenberg, 1974; 
Bagshaw and Trentham, 1974; Chock, 1979) and ATP is rapidly 
hydrolyzed in the initial Pj burst. Indirect measurements in 


early studies suggested that the binding of ATP (M*T) or the 
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ATP hydrolyzed in the intial Pj burst (0.8/mol myosin) at the same 
Steady state rate. 
The Release of Products 

Following the initial Pj burst the model of Stein et al 
(1979) suggests that another conformational change occurs (K7) the 
transition from the refractory to the non refractory state with the 
forward rate constant equal to the maximum rate of acto S-1 ATPase. 
This transition has been postulated to be the rate limiting step, 
although there is still some controversy as to whether it occurs 
when the S-l is both attached to and detached from actin (Adelstein 
and Eisenberg, 1980). The next steps involved are the product 
Releases ko ad oh] ) Like the binding, of “AIP the “release of 
ADP and Pj; probably occurs in at least two steps. The release of 
P; (Kg) involves a conformational change followed by the release 
of P; from the M-D-P; collision intermediate (Stein et al, 
1979), while the release of ADP occurs with formation of a collision 
intermediate followed by two conformational changes (Adelstein and 
Eisenberg, 1980). The conformational change associated with Pj 
and ADP release is postulated to be very slow in the absence of 
actin and above a temperature of 5° C it is the rate limiting step 
jin the myosin ATPase cycle (Webb et al, 1978) The value of Kg the 
binding constant of Pj; to myosin (a reversible step) is between 1 
m-l and 10 M7! (Webb et al, 1978) with a significanct free 
energy change occuring when P; is released. The binding constant 
of ADP to myosin is approximately 10° wi (Greene and 


Eisenberg, 1980). 


wr hab Sariias sana tena ttewovad 
of ait ed#i: yes.3671 284) NOR HD oF. ones 

sogeTe 1-2 0d96 Wh 10 easrrnd ts, ob (oupy 
rd) ee a oSeluseug head 2h 
awe ab Teliena: oe eeia OTe nena. (te eb s 
whesyt ADA) ai Tob Mal ‘ballosuat 2at as falleaaaerdsed 2 eS 4 
SHOT 37 ‘ots baylovnl <etod2 /degh ast 068! o 
Yo S#acloy ait ITH to wt fonya 3i'! fil “ge bis p) oes 

Wy Serstei SHYT ,engte. tw seat on alicia yléaaore rom 


=); 


ysnaten ait 43 uowetlol sgtmes rane FaewrerneD & paviovat (@ 
4m 44 ata32\. sialbsimasnt— notehitps PaO ers. ‘went we - 
polztifas & Yo nOblenhopehsiw 2had 9G) te aeusiow ont si hte ms 
bne wievelabA) minktnd ‘TondiJenawas det (ea Sowottet ossthomemnt 
MV (gfe beSeicbres sponds fean@dieheiigs aft  .(OeGr .yredesat2 ; 
fo sonaerte (ahd nf woth. rev 4d (od Sagetaeog Gf seeefes FOR Danae 


ashe oprsiael. Ste ott 2) ar 0° °S) 50 OtideegMe) @ ayes bat alias . 7 
gs £3 Yoeaulay ST =fBTe! yin de desk} a'ava seasth riaoyn srif AT 
i oamwaed SM fyeye Slillavavey "b) Hieoyir of)°)9 tO. PeseRES oetinte 
davis paneottingivs.© Astin CONGL OTe ote) Die) ot ae) us - 
tragesos qaebAbt all cboriolov eT A name prinuase sonora yprse — 
ma | 6ehueahe SH SUL | «i Tu kOVgGE 8 hlegign Or. oh, 

a fel \ pre 


- 


The Actomyosin Cycle 

S-l binds to actin with a binding constant Ky of about 
107-108 wl, app weakens the binding about 30 fold, and 
ADP+P; weakens the binding about 3000 fold (Greene and Eisenberg, 
1980; Stein et al; 1979). All the myosin states can bind to actin 
although M-T, M-D-Pjp and M-D-Pyy bind quite weakly while 
M-D and M bind more strongly (Stein et al, 1979). The second order 
Pate «constant for the. binding of .M to achin 1$ about §x106 m-l 
Se ror al lvot ithe myosin states. PACS 6 1S ..tNee Case i conas 
been suggested by Adelstein and Eisenberg (1980) that the 
differences between the binding constants of the various myosin 
States to actin may reflect differences in their rate of detachment 
from actin. With this they propose that M-D-Pj- and M-T would 
rapidly detach from actin with rate constants about 103 s-l 
explaining the fact that ATP dissociates the acto S-1 complex so 
rapidly (Lymn and Taylor, 1971). 

The steps that occur when various myosin states bind to actin 
are included in the lower line of the Stein model (Figure 1 (4)). 
The binding of ATP to A-M (Kq) like the binding of ATP to myosin 
occurs in two steps, the formation of a collision intermediate 
followed by a conformational change. The ATP rapidly dissociates 
actomyosin (Lymn and Taylor, 1971) with a rate constant of 10/7 
y-1 resulting in a large.-drop in free energy... ine next step oan 
the cycle (Kg) the hydrolysis of ATP on actomyosin (A-M-T > 
A-M-D-Pip) may only occur at high actin concentrations since the 
binding of M-T and M-D-Pjp to actin is weak. Major evidence for 


the occurence of this step includes the data of Stein et al (1979) 
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who discovered no inhibition of ATPase activity at high actin 
concentrations and Sleep and Hutton (1978) who determined that ATP 
hydrolysis can occur without the dissociation of the actomyosin 
complex. 

The rate limiting transition from A-M-D-Pip to 
A-MoU-Pay OCCUrS al ‘ine Same fale wether tne S-] 1s detached “or 
attached to actin (Stein et al, 1979; Sleep and Hutton, 1978). A 
possible physical transition from the refractory to the non 
refractory state is the mechanism of 189 exchange first proposed 
by Sartorelli et al (1966). They noted that when the Mgté 
dependent ATPase reaction proceeded in Ho18) the’ product Pj 
incorporated about 3-180 atoms. This was later confirmed by 
Bagshaw et al (1974) and Wolcott and Boyer (1974). Bagshaw et al 
(1974) determined that M-T exchanges about 75% of its four terminal 
O02 within three seconds suggesting that not all of the terminal 
Qo atoms in M*T and M**D-Pj have exchanged, while Wolcott and 
Boyer (1974) concluded that 3.16 of the 4 09 atoms are 
incorporated by H90. 

Further studies of Bagshaw and Trentham (1974) and Boyer et al 
(1973) have shown that the dissociation of bound ATP to the free ATP 
pool is extremely slow and reversible ATP cleavage was suggested as 
the mechanism of intermediate 09 exchange. Current) evidence 
(Sleep and Boyer, 1978; Sleep and Hutton, 1978) is consistent with 
the ATP/HOH exchange arising from multiple reversal of the 
hydrolytic step of the ATPase pathway. An ATP molecule bound, one 
O02 is incorporated into the Pj, and on cleavage upon reversal 
there are three chances out of four of this O02 being in the y 


phosphate of ATP. 
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The release of this bound ATP into the medium results in the ATP/HOH 
excnange. 

Schlucka and Levy (1977) have concluded that the P;0 are non 
equivalent with respect to three 09 exchanging fast and the fourth 
exchanging five times more slowly. In contrast, “using y-189aTP 
and the formation of a valuable derivative of the product Pj; for 
direct mass spectral analysis, Sleep et al (1978) have determined 
that the P;0 are equivalent and the apparent non equivalencies 
arise from the contribution of a second ATPase pathway to the 
overall flux. Sleep and Boyer (1978) have suggested that 
M-D-Pjp may possibly have a Pj bound to the enzymme in the 
metaphase form. Thus ATP cleavage could precede Hj0 addition and 
H20 would be added to the metaphosphate in the next step. 

The final step of the actomyosin cycle involves Py (Kjo) 
and ADP (Kj2) release from actomyosin. Stein et al (1979) have 


proposed that the forward rate constants of these steps are faster 


in the presence of actin than its absence accounting for the actin 


activation of the myosin ATPase activity. Although the rate of Pj 
release is postulated to be quite slow while the rate of ADP is fast 
(White, 1977). There appears to be a large free energy drop across 
the step involving release of P; from A-M-D-P; while very little 
free energy change occurs with the release of ADP. 

In summary in the myosin ATPase cycle the major decrease in 
free energy occurs during the ATP induced conformational change; the 
other steps being relatively close to equilibrium. The slowest step 
is the conformational change associated with Pj release with ADP 


release slow at very low temperatures. In the actomyosin cycle two 
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Steps yield large decreases in free energy; the binding of ATP and 
PMiewirelease aor Py Lymn and Taylor (1971) predicted that Pj; 
release was the rate limiting step while Stein et al (1979) suggest 
it is the transition from the refractory to the non-refractory 
state. 

Relaxation 

In vertebrate striated muscle, contraction is controlled by the 
effect of intracellular concentration of Cat? on the regulatory 
proteins troponin and tropomyosin which are integral components of 
the within of ilament. At low Cat? concentrations the regulatory 
proteins inhibit the interaction of actin with the myosin 
crossbridges, at high concentrations this inhibition is released 
(Huxley, 1972) 

The structural interpretation of this mechanism is based on a 
number of x-ray diffraction studies (Huxley, 1972; Squire, 1974; 
Hasselgrove, 1972) where observed changes in the second (increase) 
and third (decrease) layer lines from relaxed and contracting 
muscles were accounted for solely in terms of a change in the 
position of the tropomyosin molecule on the grooves of the actin 
helix. This model termed the steric blocking mechanism suggests an 
arrangement whereby the tropomyosin molecule occupies a position in 
the actin groove on or near the postulated myosin S-1 site of the 
actin molecule in thewrelaxed or “off positions ecinicthis position 
the tropomyosin molecule may inhibit actin myosin interactions by 
physically blocking the active site for myosin attachment (Huxley, 
1972; Hasselgrove, 1972). When the muscle is activated and Tn C 


binds to Cat@ a modification in the structure of the tropomyosin 
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molecule to which the Tn molecules are attached occurs so that it 
moves from a position of 45-50° in relaxed muscle very close to the 
HMM site to a position of orientation 65-70° in contracting muscle 
considerably further away from the attachment site (Squire 1974). 
In this way it would be possible for one Tn molecule to exert a 
controlling influence over all seven actin monomers in contact with 
the tropomyosin molecule controlled by one troponin complex. 

Recently Seymour and O'Brien (1980) using three dimensional 
image reconstruction tecniques to examine the structure of muscle 
thin filaments still attached to the Z lines determined that 
tropomyosin consistently occupies positions on the opposite side of 
the actin groove to that of the postulated S-l binding site. These 
results also confirmed by Taylor and Amos (1981) indicate that the 
tropomyosin in the inhibited state is located on the opposite side 
of the groove from the position required for the steric blocking 
model described above. Therefore this model had to be revised or a 
new model hypothesized in order to explain the inhibitory mechanism 
preventing the interaction of actin with the myosin crossbridges in 
the presence of low Cat2 concentrations. 

Taylor and Amos (1981) using three dimensional image 
reconstruction of electron micrographs have assigned actin to a new 
position in the thin filament structure leading to a different 
geometry of the myosin S-1 actin interaction. They have determined 
that the actin’ binding site is not ‘in thetmiddie of thesS-) fragment 
but is toward the outside. A portion of the S-1 extends into the 


long pitch helical groove where it appears to come into very close 
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contact with tropomyosin. Together with the results of Seymour and 
O'Brien (1980) who determined a reversal of the thin filament 
polarity Taylor and Amos (1981) have concluded that a revised steric 
blocking model can be reconstructed to conform to this new data. 

In contrast, Chavlovich and Eisenberg (1982) have proposed a 
new model for the inhibited interaction of actin with myosin at low 
Cat2 concentrations. They suggest that since the crossbridge 
normally exists with bound ATP or ADP-P; (not bound ADP) in 
relaxed muscle (Taylor, 1979) the steric blocking model predicts 
that the troponin-tropomyosin system should inhibit the binding of 
A-1 ADP-P; as well as S-1 ADP to regulate actin in the absence of 
cate, 

Using stop flow turbidity measurements they have determined 
that in the absence of Caté the binding constant of S-1 ATP or 
S-1 ADP-P; to regulated actin was only decreased by 56% of the 
value in the presence of Cat@ although the rate of ATP 
hydrolysis was decreased to 6% of the rate with Cat2 present. 
This indicates that inhibition of the rate of ATP hydrolysis in the 
absence of Cat@ is not the result of the binding of S-l to 
regulated actin. 

In addition they have also demonstrated that the removal of 
Gao saffects. the: rate oof regulated actin activated S-1 ATPase 
activity primarily by lowering the maximal ATPase rate (Vmax) rather 
than the apparent binding constant of S-1 to actin (K-ATPase). They 
suggest that this data implies that in the absence of Care 
troponin-tropomyosin inhibits the ATPase activity by inhibiting a 


kinetic step in the cycle of ATP hydrolysis, with the most probable 
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step being the conformational change associated with P; release in 


the cycle of ATP hydrolysis rather than the simple steric blocking 


model of muscle relaxation. 
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REGULATION OF CONTRACTILE FUNCTION 


When determining the effect of various physiological parameters on 
the contractile apparatus, % tension vs Cat? data is utilized 
treated on the basis of the Hill equation: P= Po/(1+Q/[Cat2]") 
where p is isometric tension at partial activation, Pg is isometric 
tension at full activation, Q is a constant, and n is the Hill value 
which distinguishes between independent (n=1) and _ non-independent 
binding of Cat2 which may have positive (n>1.0) or _ negative 
cooperativity (n<1.0). In examining the regulatory features of the 
contractile system namely Mgt Mg*2aTP, ionic strength, ph, 
and phosphorylation three parameters of the length tension vs rar 
curve can be altered; 1) a change in maximum tension Py 2) a change 
in’ Cate sensitivity (the caté necessary for 1/2 max activation) 
3) the cooperativity with respect to Cat2 alterations that result 


in a changed slope of the activation curve (Rupp, 1980). 


Mgt2aTP 

Classically Mg*2aTP is thought to perform two major functions 
in skeletal and cardiac muscle; it provides energy for the contractile 
process and acts as a plasticizing agent which maintains muscle 
extensibility (Weber and Murray, 1973). Mgt2aTP is the substrate 
of actomyosin ATPase, and by binding to the myosin moiety of the 
crossbridge promotes dissociation of the myosin head from actin. Under 
normal conditions ATP is in the range 3-6 mM (Burt et al, 1976), and is 
present as a complex with Mg*® due to excess Mgt2., 


An alteration in Mg*2aTP concentration affects several 
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physiological parameters of muscle contraction. Maximum velocity of 
shortening depends in a roughly hyperbolic fashion on Mgt@ATP 
concentration while isometric tension displays a bell shaped dependence 
with Mgt@ATP, and the force velocity relation becomes more curved 
with an increase in MgATP concentration (Ferenczi et al, 1981). 

In addition Mgt2ATP has been shown to affect at least 
indirectly the activation process in skeletal muscle, that is the 
interaction of Cat2 and the myofibrils that lead to the onset of 
eontraclLive activity. The relationship between Cat2 concentration 
and ATP hydrolysis for isolated myofibrils (Portzehl et al, 1969; 
Weber, 1969) and tension generation in skinned skeletal (Brandt et al, 
1972; Godt, 1974) and cardiac muscle (Best et al, 1977) is dependent on 
Mgt2ATP concentration. As Mgt2ATP concentration is increased 
there is a decrease in maximum isometric tension the fibers can develop 
(Best et al, 1977; Orlentlicher et al, 1977), a shift in the pCA % max 
tension relationship in the direction of increased Cape 
concentration required for activation and tension generation (Best et 
al, 1977; Fabiato and Fabiatio, 19/75; Godt, 1974; Orlentlicher et ai, 
1977), an increase in the steepness of the pCa max tension relationship 
(Kerrick and Donaldson, 1975; Best et al, 1977) and an increase in 
ATPase activity (Portzehl et al, 1969). 

Weber and Murray (1973) and Orlentlicher et al (1977) have 
proposed schemes which account for both the shift to the right of the 
% tension vs Cat2 curve as Mgt2ATP Increases and the decline of 
maximum tension at high substrate concentrations. At low Mgt2ATP 
concentrations (in the uM range), tension generation, actin-myosin 


interaction, and myofibril ATPase activity are no longer affected by 
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Changes in Cat? concentration (Weber and Herz, 1963; Weber, 1969). 
To account for this Weber and Murray (1973) suggest the formation of 
rigor complexes at low Mgt2aTP concentrations which turn on the 
filaments in the absence of Caté, Under normal circumstances the 
thin filament is in a special "“on" state ordinarily achieved by the 
binding of Cat® to Tn before it can form an active complex. In the 
absence of Cat® the rigor complexes can be formed in the "off" as 


well as the "on" state. In the presence of Cat@ the rigor 
complexes act to modify any actins that were already turned on. Weber 
and Murray (1973) termed this the "potentiated state" which they 
determined exhibits the greatest contractile activity. From this they 
further proposed a mechanism of cooperation among the molecules of the 
thin filament which together affect the Cat? affinity of the thin 
filament Tn molecules. Based upon the Weber-Murray study, Godt (1974) 
and Best et al (1977) have suggested that at physiological levels of 
Mgt2ATP there are practically no rigor complexes (on state) and 
contraction is activated only after Cat2 jons bind to the high and 
Tow affinity sites of ~ Tn. At much lower Mgt2ATP concentrations 
formation of the rigor complexes causes cooperative transfer of the low 
Aifinicy Sites to Nigh affinity Im site —So (thal contraceione as 
initiated at lower free Cat@ concentrations Orlentlicher et al 


1977) modified the Weber-Murray model by renaming and redifining the 


three states as follows; 


Weber-Murray Orlentlicher Definition 
off ES2 double bound nucleotide 
on ES single bound nucleotide 


potentiated E no nucleotide 
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According to their scheme as substrate concentration is increased the 
equilibrium among these states in the presence of Cat2 shifts from 
rigor (all £—) through a range of tension producing substrate 


concentrations to the totally relaxed conditon (all ESo). 


Calcium 

It iS now well established that myoplasmic free CatZ 
concentration regulates contractile activity in vertebrate skeletal and 
cardiac muscle. The mobilization of Cat@ from extracellular and/or 
intracellular sites to the contractile proteins involves processes 
modulated by a complex interacting series of mechanisms that begin with 
excitation of the sarcolemma and end when Caté binds to the Tn 
complex. 

It has recently been documented in hearts from all species that 
force declines rapidly when Cat2 js removed from the medium (Rich 
and Langer, 1975; Bailey and Long, 1974) in marked contrast to skeletal 
muscle where force persists for many minutes to several hours (Rich and 
Langer, 1975). This implies that a readily exchangeable component of 
Cat2 is crucial to the maintenance of force in heart muscle but not 
skeletal muscle. It is well established that the E-C coupling sequence 
of cardiac muscle unlike skeletal muscle is dependent upon a source of 
extracellular Caté. It has been suggested that this extracellular 
Cate has a regulatory role in myocardial contraction although the 
quantity of Cate from this source actively delivered to the 
myofilaments is uncertain. 

Recent studies indicate that the regulatory extracellular cat2 


is bound to the sarcolemmal membrane of cardiac cells (Bers and Langer, 
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L979; “Philipson and: “Langer, 1979: Philipson et al, 1980). These 
Studies indicate a quantitative relationship between total sarcolemmal 
bound Cat2 and contractility of the rabbit ventricle although the 
mechanism of this regulation has not been elucidated. Studies on the 
isolated sarcolemma from the heart (Philipson and Langer, 1979) 
indicate that there are two classes of Cat2 binding sites within 
the cell membrane. There are a relatively small number of sites with 
high affinity (Km=20 uM) and an approximately ten fold increase in 
the number of sites with lower affinity (Kp=l.2 uM). It appears that 
the high affinity sites remain saturated at the usual levels of 
Cat2 and play little role in the regulation of the contractile 
force. Evidence indicates however that the low affinity sites are 
important in the control of contractility (Philipson and Langer, 1979). 
If “triggered release" is operative in the intact skinned cell its 
force development would be modulated by the gradation of the amount of 
Cat2 which crosses the sarcolemma. Therefore whether surface bound 
Cat2 activates the myofilaments directly or serves as a trigger for 
subsequent sarcotubular release its magnitude determines the force of 
the twitch. 

From the preceding discussion it has been determined that the 
degree of activation and consequently the amount of force can be 
regulated by the extent to which intracellular Cat2 rises when the 
muscle cell has been stimulated. Once Cat2 enters the 
interfilament space it affects several contractile parameters ; 

1) tension and maximum unloaded shortening (Vmax) are sensitive to 
changes in the Cat2 concentration. As Cat2 increases peak 


tension increases associated with a corresponding increase in 
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crossbridges attached to actin at one moment (Herzig and Ruegg, 1980; 
Honig and Takauji, 1976). With the Cat@ jnduced increase in the 
number of crossbridges the ratio of contractile force to internal 
shortening resistance increases thereby facilitating shortening and an 
increase in its velocity. Herzig and Ruegg (1980) determined that Vmax 
is also altered independent of tension and stiffness indicating that 
the number of crossbridges interacting with actin filaments is not the 
only factor determing Vmax. 

2) the isometric tension, actomyosin ATPase and immediate stiffness 
show a well Known sigmoidal dependence on pCa with 1/2 maximal 
activation at approximately 7x10’ M. The Cat@ required for the 
1/2 maximal effect upon Vmax is 2x10-6 (Herzig and Ruegg, 1980). 

3) Allen and Blinks (1978) found that variations of the concentration 
of Cat@ jin the bathing medium alters the relation between length 
and tension of cardiac muscle. Further to this Fabiato and Fabiato 
(1975) determined that the process by which Cat2 is translocated to 
activate the myofilaments is length dependent. An increase in 
sarcomere length above its optimum decreases Cat2 release from the 
SR of skeletal muscle (Herzig and Ruegg, 1980) while Fabiato and 
Fabiato (1975) determined that Cat@ triggered release of Caté 


from the SR is strongly inhibited by a decrease in sarcomere length. 


Phosphorylation 

Phosphorylation and dephosphorylation of myofibrillar proteins has 
been considered a potentially important biochemical mechanism for 
regulating muscle contracion since the discovery that myosin. and 


troponin purified from rabbit skeletal muscle were phosphoproteins and 
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that purified subunits of these two proteins could be phosphorylated by 
different protein kinases (Perrie et al, 1973; England et al, 1972). 
Although the properties of the phosphorylation reactions catalyzed by 
the protein kinases have been extensively investigated a functional 
role related to contraction for phosphorylation of specific 
myofibrillar proteins has only recently begun to emerge. Although the 
SR, sarcolemma, Tn-T, and tropomyosin also contain phosphorylation 
sites, this discussion will be limited to Tn-I and myosin. 

As previously mentioned, the serine 20 residue located in the 
chain of twenty six additional amino acid residues was partially 
phosphorylated in the normal beating rabbit heart and the P motiety 
attached to the serine residue was virtually the only P group that 
exchanged with the intracellular P pool (Moir et al, 1980) leading to 
the conclusion that phosphorylation may be significant in regulating 
cardiac contractile activity. 

Until 1976 it was postulated that phosphorylation could cause an 
increase in the interaction between myosin and actin either by 
increasing the maximal amount of interaction at saturating Cape 
concentrations or by decreasing the amount of Cat2 required for 
activation (Rubio et al, 1975). Different results have been obtained 
by others. Ray and England (1976) were the first to show that 
phosphorylation of cardiac Tn-I increased the concentration of Cate 
required for activation of the myofibrillar ATPase activity suggesting 
that the affinity of cardiac Tn for Cat® was decreased. Their 
results were supported by later studies of Holroyde et al (1979), 
Solaro et al (1976) and Reddy and Wyborny (1979). Others have reported 


that the effects of phosphorylation on Cat@ activated ATPase are 
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more complex. Bailin (1979) found that there was not a simple 
rightward shift of the curve but more of a downward shift in that at 
very low Cat2 concentrations there was also a decrease in ATPase 
activity. Others have also reported a decrease in cardiac myofibril 
ATPase activity at Cat? concentrations sufficient to saturate the 
Tn system (Wyborny and Reddy, 1978; Yamamoto and Ohtsuki, 1982) 
although there is no general agreement that it is simply a decrease in 
the Cat? sensitivity of the myofibril system. 

The mechanism of inhibition of the myofibril ATPase activity 
appears to be an alteration in the Cat2 binding properties of In- 
C, although Stull and Buss (1977) found that Cat2 binding to the 
isolated troponin-tropomysoin complex was unaffected by the level of 
phosphorylation of Tn-I. In contrast, Moir et al (1980) and Holroyde 
et al (1979; 1980) found that phophorylation of Tn-I reduces the amount 
of myofibrillar bound Cat2 over the same pCa range that myofibril 
ATPase is activated by Gat=) Since note all of the sites of cardiac 
Tn-C are regulatory (Holroyde et al, 1980; Johnson et al, 1980), it has 
been suggested that Stull and Buss (1977) may have been unable to 
detect the effect of Tn-I phosphorylation on the relevant binding sites 
of the troponin complex. Robertson et al (1982) have determined that 
jt is the low affinity regulatory site that is modulated by the 
phosphorylation state of the serine 20 residue of cardiac In-l. 

Both Robertson et al (1982) and Moir et al (1980) suggest that 
phosphorylation may be responsible for the well known increase in the 
rate of cardiac relaxation during inotropic response to catecholamines. 
Since the rate of Gate transport by cardiac SR has been shown to be 


elevated following phosphorylation by cAMP dependent protein kinase 
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linked regulatory system in vertebrate striated muscle. Further 
studies by Holroyde et al (1979) support the contention that myosin can 
bind significant amounts of Cat2 during contraction when the 
Cat? concentration exceeds 10 uM. However the rate of dissociation 
of Cat2 from the myosin LC is much slower than the time course of 
relaxation during a single twitch in muscle (Bagshaw and Reed, 1977). 
Therefore, if Caté binding to myosin in cardiac muscle serves any 
physiological function it would probably be tonic in nature (over a 
series of single contractions). 

Kardami and Gratzer (1982) have determined that the degree of 
light chain phosphorylation is correlated in heart muscle with the 
active tension developed, in accordance with the results of Kopp and 
Barany (1979). From this it has been suggested that light chain 
phosphorylation may be involved in the formation of non-covalent bonds 
between myosin and actin in live muscle. Accordingly the physiological 
role of LC phosphorylation could be to increase the rate of combination 
of the crossbridge with the actin filaments (Barany and Barany, 1980). 

To determine the cause of the increase tension with 
phosphorylation several investigators have explored the possibilty that 
phosphorylation could alter the Cate binding properties of P light 
chains from skeletal and cardiac muscle. Alexis and Gratzer (1978) 
using fluorescence measurements observed that phosphorylation of the P 
light chain from rabbit skeletal muscle appeared to decrease the 
affinity of the protein for Cat. Contrary to. this, direct 
measurements of Cat2 binding properties of cardiac and skeletal 
muscle myosins have not substantiated these previous reports. No 


Significant effect of phosphorylation on Cat2 binding properties in 
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the absence or presence of Mgt? was noted with rabbit skeletal 
muscle myosins (Holroyde et al, 1979; Kuwagama and Yagi, 1979). These 
results indicate that phosphorylation does not necessarily affect the 
Cate binding properties of myosin. It has been concluded that if 
these two biochemical events, phosphorylation and Caté binding have 
any important role they may be independent with regard to physiological 
functions in muscle. 

In addition to Cat@ binding there was no significant 
difference between ATPase activities of purified myosin in the 
phosphorylated and non phosphorylated forms when ATPase activity was 
measured jin the presence of Cat@, Mgt@, or K*t (Morgan et al, 
1976), while Holroyde et al, (1979) determined that the phosphorylation 
of myosin light chains slightly enhances ATPase activity at greater 
than 1/2 maximal activating free Cat2 concentrations, but recent 
preliminary reports have claimed that phosphorylated myosin decrease 
the Ky, value of actin for activation of myosin ATPase activity with 
no significant effect on the Vmax values (Pemrick, 1980) independent of 
the regulatory proteins. 

Because the Cat2 affinity of Tn is decreased when myosin is 
deficient of the LC2 several investigators have proposed that the 
conformation of myosin in vertebrate striated muscle is a fine tuner of 
the Tn Cat2 switch. This would serve to control the saturation of 
the metal binding sites and thereby control the nature of myosin 
interaction with the actin filaments. 

In summary, although it appears that phosphorylation of cardiac 
and skeletal muscle light chains are of physiological importance no 


clear effect of light chain phosphorylation on myofibril function has 
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been shown. Further study is required to determine the exact nature of 


myosin phosphorylation on the various contractile parameters. 


Magnesium 

Mgt? js present in a millimolar range in both cardiac and 
Skeletal muscle (Polimeni and Page, 1973). TRIS 4S) Suni rican =n 
Lepms of wumderstanding “contraction in wivo since Mgt2 has been 
found to have a depressant action on standard measures of contraction 
when its concentration is increased in a millimolar range (Portzeh] 
et al, 19609; Kerrick and Donaldson, 1972; Fabiato and Fabiato, 1975). 

Recent experiments on skeletal muscle indicate that Mgt2 may 
be a critical modulator of tension generation in relation to prevailing 
Cat@ concentrations. Preliminary studies indicate that an 
increased Mgt2 }S accompanied by a decrease in submaximal tension 
generation in frog skeletal muscle fibers (Kerrick and Donaldson, 
1972), and maximal Cat2 activated tension in cardiac. muscle 
(Donaldson et al, 1981). further studies indicate that as Mgt2 
concentration increase the pCa vs % tension curve shifts to the right 
and its slope declines in skeletal muscle fibers (Kerrick and 
Donaldson, 1975; Solaro and Shiner, 1976). This indicates 1) a higher 
concentration of Cat@ is required for a given tension and 2) less 
change in tension for a given change in Cat2 concentration which 
suggests that Mgt2 jn the physiological range greatly influences 
the Cat2 sensitivity of the tension generating apparatus of 
skeletal muscle (Donaldson and Kerrick, 1975; Kerrick and Donaldson, 
1972; Rupp, 1980). Like skeletal muscle an increase in Mgt 


concentration causes a shift in the pCa tension curves in the 


ee 


| f a - 

fon “qnipruls 6f006 .  @RARY ‘Siete a. al ee | 
AE Ses@lente 2t Sint. (VES Sapo i; {iowa tery” $i sted 
feed’ anh. HP cate oye no} ¥iendnoa pnden 
Wal faaigeny In eadensn Nannhse 1 natsoe the EINE 
ides) spend aioailiie 9 nf Pasedvanl” 2) weaned sic 31 at 

elut cetetiet tim oftfde? (ote! “aneeianeal hop. (seine 0D Bale 
wher ia “sl: autor hnt si geun i pae fade aD ZiggniAneNs sens 
selii¢vend 6i°na sei 51 Nh Ao sesensp noite’ 1 4neal nine iavtsPss w 
he ici? ILS nF soihila.. grantallaat | ennhte siiaangs Sey 
ahjlavtr TanfNeigvaer’. nl  sefesneh  & 44 AST Hanmi SDR et Sim 
opzetecel (fng. Yo 1184). eeanrt sfoeum logatoae ont wt notapis 
foseh.» Teves 41 ‘poionon. hide. SS? Gealeme wos sia ‘ 
“ta 256 6 6feny Stanldoi wavs scivavt (18RD te Je noch 
fiphr: ate or 2A ile syiuP nl ens? F ey ehy oW 42a" ont saties an 
bri aePish) zcadl> otseun. teleiaie) wi. apelioame ‘“sqatz 2iho ' 
sand p UE cagacibat’ cia? CoAT yeebte lnk fteioe FOtee | oobi nt 
a261 (% bes dobenst~ osvie 6° no Sst ine 2) Se eo eo teres 


~ 


is bite MORES TIONS eas) ont aghans nevip, & 4 notecsd ne 
Pernt vitistp. prey Ceatink bee offy ont Segp sand ann 
fe 2uTeeugh « atige tone nian ont ae eeiy Jide on 
x ettoitelh Vie AS Ev ied 20h sald sph noitenfi iste Te 
~ aan a 

aut Ai a On hs sl es ter s nil 
i) 4 : 


’ 
J a 


“pri rn hia ho tenes sa “in 


direction of higher activating Cat? concentrations but Mgt? 
appears to have lesser or no effect on the steepness of the activating 
divalent cation tension relationship in cardiac muscle (Kerrick and 
Donaldson, 1975; Solaro and Shiner, 1976). 

Portzehl et al (1969) and Solaro et al (1976) found that the 
pCa-ATPase relation was shifted in the direction of decreasing pCa 
(increasing Cat2 concentration) when Mgt2 concentration was 
increased to the millimolar range, indicating that the Caté 
required for activation differs greatly with changes’ in Mgt2 
concentrations. Aithough the relationship hetween Cat? and 
Mgt2 concentration and % maximal tension under specific 
physiological conditions was quantitatively the same for both skinned 
frog muscle fibers and mechanically disrupted rat ventricular muscie 
fibers (Kerrick and Donaldson, 1975). Solaro and Shiner (1976) have 
observed that the effects of Mgt2 on myofibrillar ATPase are 
different for cardiac and skeletal muscle. Between 1 and 5 or 10 m™ 
Mgt2 the effect of Mgt® is more pronounced in cardiac than 
skeletal myofibrils, and above 10-6 M free Cat@ an increase 
from 0.04 to 1.0 mM Mgt@ enhanced cardiac and inhibited skeletal 
myofibril ATPase activity. At concentrations above 1072 M free 
Cat2 the cardiac myofibril ATPase activity is the most depressed. 
In contrast at all Cat@ concentrations studied as free Mgt 
concentration was increased myofibril ATPase activity decreased at 
0.04, 1.0 and 10mM of Mgt2 in skeletal muscle in agreement with the 
results of Weber (1959). The shifting and change in the shape of the 
pCa tension and ATPase curve as a function of the concentration of 


Mgt2 may be due to an effect on the affinity and/or degree of 
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interaction of the divalent jons with the Caté binding sites. This 
was first proposed by Solaro and Shiner (1976) who determined that an 
increase in free Mgt? from 1-10 mM caused a slight decrease in 
CatZ binding to the skeletal myofibrils but enhanced pare 
binding to the cardiac myofibrils. 

It is well established that skeletal Tn-C contains four Cat2 
binding sites (Potter et al, 1977; Potter and Gergley, 1975). Two of 
these sites have a high affinity for Cat? (Kca= 5x108 
M-1l) and also bind Mgt2 competitively (Kmg= 5x104 
Malye These sites are termed the Cat2mgt2 Sites and appear 
to function in stabilizing the troponin complex (Potter et al, 1981). 
The two other sites have a low affinity for Cat? (Kca= 5x10 
Ml) Saree called! ‘them Cat Specitic “sites: =(dohnsonm et ale? 1978) 
and are directly involved in Cat2 regulation in muscle. These 
results have been confirmed by numerous studies (Johnson et al, 1979; 
Levine et al, 1978). Cardiac muscle differs from skeletal muscle in 
that it contains three Cat2 Sites, one low affinity and two high 
affinity with similar rate constants to skeletal muscle (Holroyde et 
Aiteal980 sdohnson “et algo 71978). Cat2 must occupy both of the 
skeletal Cat2 specific sites or the one cardiac muscle site for 
activation to occur (Potter and Gergley, 1975). 

Early studies suggested that the increased Cat2 concentration 
required to activate tension development or myofibril ATPase activity 
at high Mg*2 concentrations influenced the ratio. of Cat? to 
Mgt2 bound to the high affinity sites. In addition they assumed 
that Mgt2 at high concentrations bound also to the low affinity 


sites and would be ineffective for triggering contraction (Rupp, 1980). 
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Further studies by Potter et al, (1981) indicate that Mgt2 can not 
bind: idirectly ito the Caté Specific sites, thereby increasing the 
Cat2 concentration required to produce contraction. These results 
may account in part for the previous shifts in the Cat? activation 
of tension observed at high Mgt2 concentrations. 
Myosin 

In addition to Tn Cat@ binding, Mgt2 concentration may 
influence the Caté binding properties of myosin. Solaro and 
Shiner (1976) found that an increase in free Mgt2 consistently 
depressed both skeletal and cardiac myosin bound Caté, Potter 
(1975) determined that myosin binds 2 mol Catce wither att ini ty sor 


approximately 5x10 Moi, yet in the presence of 0.3 mM Mgt2 


myosin binds two mol of Cat@ with lower affinity (5x102 m-l). 


Additional studies by Bremel and Weber (1972) indicate that an increase 
in Mgt2 fron 3 uM to lmM raises the Cat2 required for the 
Hinding: Of “thes Tirss Caté by say factor) of 103 and for the second 
7On aby Gaattactorecon 10S “indicatings that Mg*t2 competes for Cat2 
Sites on myosin. Cat2 binding to myosin is of particular interest 
in view of a possible Cat2 regulatory system on the thick filament 
(Lehman, 1978). Although Cat dissociation is teo Slow ta” occur 
during a single muscle twitch (Bagshaw, 1977), Cat2 binding to 
myosin could be involved in long term modulation of the mechanochemical 
activity of muscle (Rupp, 1980). 


The Sarcoplasmic Reticulum 


Evidence has been cited that Mg*t2 affects the release of 


Cate “into the cytoplasm from) storages sitese im= the) ~sarcotubutes. 
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Podolosky (1975) observed an inhibition of quick contraction usually 
elicited by perfusion of the skinned fiber with Cat, They 
concluded tian, bCas stimulated release of Cat? from the 
sarcotubular Caté stores could take place in the presence of high 
Mgt concentrations but the propogation of the  sarcotubular 
Cat2 release process throughout the cell was inhibited by the high 
Mg*t2 concentration. In addition Ford and Podolsky (1972) 
speculated that an increased Mgt? concentration may affect the rate 
at which Cat? is taken up by the sarcotubules. Fabiato and Fabiato 
(1975) confirmed this when they found that an increase in free Mgt2 
increases the capacity and rate of binding for Cate by the SR which 
is similar in both cardiac and skeletal muscle. Ebashi and Lipman 
(1962) observed that SR obtained from fragments of skeletal muscle had 
an increased capacity for Cat@ at high Mgt? concentrations 
while Tonomura (1972) found an increased rate of Cae binding. 
Other Effects of Magnesium 

At 6° C the rate limiting step for the hydrolysis of ATP by myosin 
is the dissociation of ADP from the active sites (Taylor, 1972; Taylor 
et al, 1970; Bagshaw et al, 1973), a step which is sensitive to 
Mgt2, The divalent Cat2 jons increase the affinity of ADP for 
the enzymatically active portion of the myosin molecule, therefore it 
has been suggested that Mgt2 serves as a bridge linking the 
hydrolytically active portion of the myosin molecule and the nucleotide 
phosphates (ATP or ADP) together in a _ ternary complex 
(enzyme-metal-substrate) (Trentham et al, 1972). 

Finally Mgt2 is involved in the polymerization of G-actin to 


F-actin. G-actin contains both a bound nucleotide (ATP) and a bound 
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divalent ion usually Caté or Mmgt2. Both the nucleotide and the 
cation bound to G actin are freely exchangeable although removal of 
either reduces the stability of G-actin and it rapidly loses its 
ability to polymerize (Katz, 1977). Maruyama (1981) has observed at 
low ionic strength that Cat? retards polymerization of actin 
whereas Mg*t2 accelerates it, concluding that the divalent metals 


probably play a role in the growth of the actin strand. 


pH 

Intracellular acidosis has a direct pronounced negative ionotropic 
effect on cardiac muscle and may be responsible for the reduced cardiac 
function in both ischemia and heart failure (Williamson et al, 1976). 
Since a greater fall in myocardial contractility is consequent upon an 
acidosis resulting from an increase in PCO9 (respiratory acidosis) 
than from a decrease in bicarbonate (HC03-, metabolic acidosis) 
(Pannier and Leuson, 1968) it has been postulated that intracellular pH 
is the important determinant of the effect of an acidosis on cardiac 
function. 

There is general agreement about the events leading up to the 
development of intracellular acidosis; coronary occlusion, myocardial 
anoxia, and lactic acid production (Katz and Hecht, 1969). The ensuing 
intracellular acidosis results in an early rapid decline in force 
generation (Poole-Wilson and Langer, 1975; Donaldson and Hermanson, 
1978; Donaldson et al, 1981), left ventricular developed pressure 
(Jacobus et al, 1962) and a decredse in maximum Cat2 activated 
cardiac ATPase with little change in basal activity (Kentish and 


Naylor, 1977; 1979; Portzehl et al, 1969; Williams et al, 1973). 
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Although the events leading up to general acidosis and the resultant 
changes in contractility are well documented, the step linking the 
acidosis to impaired contractilty remain unsettled. There has been 
good progress in determining how acidosis might affect contractile 
activation and most data relates to the three stages in E-C coupling; 
the a2 entry via the slow inward current, the release of Cate 
from the SR, and the Caté-Tn interaction. 

Entry via the Slow Inward Current 

One mechanism of Cat@ jnduced Cat2 release is Cat 
entry via a slow inward current following depolarization. The amount 
of Cate influx is probably sufficient to supply a fraction of the 
Potalmactivaton. cate. Williamson et al, (1976) has suggested that 
this leads naturally to the question of whether or not the slow inward 
Cat2 is altered by conditions of acidosis. Chesnois et al (1975) 
have reported a decrease in the slow inward Cat@ current in acid 
Ringer. In addition McDonald and McLeod (1973) and Schneider and 
Sperelakis (1974) have found that metabolic te can (bheck 
electrical activity which is presumed to be dependent on the slow 
Cat current. 

In contrast Poole-Wilson and Langer (1975) determined that 
intracellular acidosis produced a prolongation of the action potential 
or no change in the plateau of the action potential, while twitch 
tension fell more than 50%. Under the conditions of their experiments 
a large reduction in Cat2 current seems unlikely since this would 
lower and shorten the action potential. Thus it appears possible to 
dissociate changes in slow Cat@ current from the decline’ in 


contractility, with Poole-Wilson and Langer (1975) suggesting that 
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the mechanism of the negative ionotropic effect of acidosis is 
intracellular 
Cat? Release from the SR 

Cardiac and skeletal muscle respond to acidosis in different ways 
1) an cardiac muscle AfPase activity decreases while in skeletal muscle 
if femains constant (Kentish and Naylor, 1979) 2) the Cate 
requirement for 1/2 maximal activation is much greater in cardiac vs 
skeletal muscle indicating that Cat2 sensitivity is more pronounced 
in cardiac muscle in an acid environment (Fabiato and Fabiato, 1978) 
3) tension is diminished in cardiac myofibrils when pH is decreased 
from 7.0-6.5 while there is an enhancement of soleus twitch and tetanic 
tensions in response to a decrease in pH (Pannier and Weyne, 1970). It 
has been concluded that the ionotropic effects of varying pH on 
Skeletal muscle is much less pronounced than those observed in cardiac 


muscle (Pannier and Leuson, 1968; Pannier and Weyne, 1970). Fabiato 


and Fabiato (1978) conclude that the effect of acidosis on the cardiac. 


SR accentuates the already depressive action of acidosis on the 
myofilaments, while moderate acidosis in skeletal muscle the SR may in 
contrast compensate for the action on the myofibrils which is less 
pronounced than in cardiac muscle. This was explained when they 
determined that the amount of Cat® released from the SR of cardiac 
muscles is reduced even by moderate acidosis (Poole-Wilson and Langer, 
1975; Fabiato and Fabiato, 1978) much less than the amount needed to 
activate the myofilaments completely therefore the Cat2 released 
from the SR produces low levels of activation. In contrast, a small 
degree of acidosis increases the Cat2 content of the SR of skeletal 


muscle (Nakumuru and Schwartz, 19/0; 1972) and a larger amount of 
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Cat? is released compensating for any decrease in the sensitivity 
of the myofilaments to Cat2, 
Calcium-Troponin Interaction 

Since Cat® activation depends on binding of this ion one would 
expect that changes in pH would also influence the Gare affinity of 
Tn-C. Katz and Hecht (1969) were the first to suggest that the 
cardiodepressant action of acidosis could be explained if protons 
compete with cytosolic Cat@ for the Cat® binding sites on 
cardiac Tn-C. Concrete evidence for this proposal comes from studies 
on the Caté dependence of tension and ATPase activity. The most 
dramatic effect of an increased hydrogen ion concentration is a shift 
in the PCa-ATPase relationship for both cardiac (Kentish and Naylor, 
1979; 1977; Williams et al, 1975) and skeletal muscle (Portzehl et al, 
1969) to a lower PCa value showing a depressed sensitivity of the 
sigmoidal myofibril ATPase relation. Fabiato and Fabiatio (1978) and 
Donalson and Hermanson (1978) reported that a decrease in pH 
substantially increases’ the Cate required for 50% max tension 
development in cardiac and skeletal muscle with the effect somewhat 
larger in cardiac than skeletal myofibrils. Addition of saturating 
Cat2 concentrations can overcome the depressed actomyosin ATPase 
activity (Williams et “al, 1975; Serur et. al, 19/6)-> ine literature 
Supporting the Katz-Hecht (1969) proposal is varied. Fuchs and 
co-workers (1970) have demonstrated that lowering the pH decreases both 
the affinity of Tn-C for Cat@ and the stability of the Cat@-Tn 
complex. Robertson et al (1978) have provided preliminary evidence 
based on indirect methods that indicates that Ht competes with 


Cat2 for binding at the Cat? specific sites of Tn but not the 
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Cat Mgt? sites. Stull and Buss (1978) have recently published 
a detailed report of the effect of pH on Caté binding to skeletal 
and cardiac Tn-C. Their work is of interest in that they used three 
different binding methods namely 1) gel filtration in the absence of 
Cat2 buffer 2) equilibrium dialysis with EDTA as the Cat 
buffer 3) equilibrium dialysis with EGTA as the Cat@ buffer. With 
methods 1 and 2 they found no effect of pH on Caté binding whereas 
with method 3 the binding curve was shifted to the right with a 
decrease in pH. 

Although they could not explain the EGTA results they concluded 
that a decreased ph has no effect on the affinity or capacity of 
cardiac or skeletal In for Cate in agreement with Fuchs (1974, 
1979) and Potter and Gergley (1975). In addition Fabiato and Fabiato 
{1978) concluded that the force pCa curves obtained from skinned cells 
of acardiac and skeletal cells do not suggest a simple competion 
between Ht and Cat@ for a single class of sites on Tn-C. 

Ionic Strength 

An increase or decrease in ionic strength alters several 
physiological features of cardiac and skeletal muscle. Resting tension 
and total force has been found to vary inversely with ionic strength in 
the range of 0.09-0.18 M KCl (Gordon et al, 1973; Thames et al, 1974; 
Gulati and Podolsky, 1978; Julian and Moss, 1981; April et al, 1968; 
Hamsher et al, 1974; Solaro et al, 1976; Gordon and Godt, 1969) while 
the Vmax and force-velocity relation are virtually unaffected by 
changes in ionic strength in cardiac (Honig and Takajui, 1976) and 


skinned skeletal fibers (Julian and Moss, 1981; Gulati and Podolsky, 


1978). 
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The fact that tension generation decreases when ionic strength is 
increased might be brought about by 1) a decrease in the number of 
crossbridges attached to actin 2) a decrease in the tension generation 
capacity of each attached crossbridge with no change in the total 
number of attached (Julian and Moss, 1981) 3) the conductance of 
information from Cat2 saturated Tn to actin may be inhibited when 
ionic strength is increased therefore at high KCl concentrations fewer 
than seven actin molecules may be switched on when Cat2 binds and 
the availability of myosin sites are reduced (Thames et al, 1974) 4) 
Moos (1972) suggests the possibility that an increase in ionic strength 
decreases the electrostatic interaction of charged sites on actin and 
myosin reflected in the K9PP with no effect on maximal ATPase 
rate at infinite actin Vmax 5) changes in intracellular ionic strength 
may alter the amount of Cat released from the SR during 
stimulation since Kasai and Miyamoto (1976) indicate that skeletal 
muscle SR is stimulated to release Cat2 when the ionic strength is 
lowered. 

In addition, the major decline in tension seems to be accounted 
for by the effect of salt concentration on the contractile proteins 
relating to the tension produced by maximal Cat2 activation. 
Several studies (Solaro et al, 1976; Gordon et al, 1973; Weber and 
Herz, 1963; Katz, 1968; Potzehl et al, 1969) indicate that as the ionic 
strength increases’ the Cat sensitivity shifts so that more 
Cat2 is required to attain a given % of maximal activity. From 
this it follows that ATPase activity will decrease when ionic strength 
increases (Goodno et al, 1978; Moos, 19/723) Portzenl (etal, 196%: Solaro 


et al, 1976; Warren et al, 1966). 
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The altered Ca*¢-ATPase relation and the decrease in ATPase 
activity may be related to changes in Care binding to Tn-C. Fuchs 
(1974), showed Tn-C binding to be independent of ionic strenth while 
Morimoto and Harrington (1973) demonstrated that myosin Cate 
binding was slightly affected by changes in KCl concentration. Using 
the whole myofibril preperation Solaro et al (1976) determined that 
myofibril fa binding decreases when jonic strength increases. 
Since it could not be attributed to Tn-C or myosin binding they suggest 
that the myofibril Cat2 control may vary with length changes, speed 
of shortening, and Cat2 saturation of Tn-C all which involve 


changes in the number of connected crossbridges. 
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CARDIOVASCULAR ADAPTATIONS WITH TRAINING 


Chronic moderate physical activity in animal studies results in 
enhanced cardiac performance. This includes increased cardiac 
Output (Penpargkul and Scheuer, 1970; Guisti et al, 1978; Scheuer et 
al, 1974; Crews and Aldinger, 1967), stroke volume (Schaible and 
Scheuer, 1979), cardiac work (Penpargkul and Scheuer, 1970), oxygen 
consumption (Guisti et al, 1978; Scheuer et al, 1974), coronary 
byood *flow (Guisti “et -al,. 1978: Scheuer et “al, 1974), and a 
decreased heart rate (Dowell et al, 1977; Whitehorn and Grimmenga, 
1956; Crews and Aldinger, 1967; Schaible and Scheuer, 1979) after 
chronic programs of swimming (Guisti et al, 1978; Scheuer et al, 
1974; Whitehorn and Grimminga, 1956; Penpargkul and Scheuer, 1970; 
Schaible and Scheuer, 1979) and running (Dowell, 1976; Schaible and 
Scheuer, 1979). 

Changes in energy utilizing mechanisms have also been examined 
following physical training. Studies on mitochondrial respiratory 
activities in cardiac muscle from swimming or running exercised 
animals indicate no increase over sedentary controls (Holloszy, 
1976; Oscai et al, 197la; Scheuer et al, 1974; Baldwin et al, 1975) 
although they are markedly increased in skeletal muscle (Holloszy, 
1967; 1976; Oscai et al, 1971b; Sordhal et al, 1977; Baldwin et al, 
1975). Dowell et al (1977) suggests that this phenomenon may be 
attributed to more efficient energy utilization of electron 
transport generated energy in cardiac muscle and/or the presence of 
fewer Cat@ transport sites which tend to utilize electron 


transport generated energy more efficiently. This is supported by 
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Penpargkul and Scheuer, (1970) who found that although mitochondrial 
respiratory enzymes did not increase, the aerobic/anaerobic energy 
ratio was greater in trained animals. Hearts of conditioned animals 
have greater endogenous glycogen stores (Scheuer et al, 1974), 
aldolase activity (Hearne and Waino, 1957), and pyruvate kinase 
activities with decreases in endogenous lipids and an _ increased 
turnover of free fatty acids (Scheuer et al, 1974). There is no 
marked change in the ATPase and/or CPK activities (Rawlison and 
Gould, 1959). 

Two major changes in response to endurance exercise identified 
thus far in cardiac muscle involve varying degrees of morphological 
changes (heart weight and body weight) and ATPase activity in the 
contractile proteins. Both running (Penpargkul et al, 1980a; Resink 
et al; 1981; Baldwin and Terjung, 1975) and swimming programs (Bhan 
and Scheuer, 1972; Malhotra et al, 1976; Penpargkul and Scheuer, 
1970; Bershon and Scheuer, 1977; Oscai et al, 197la) indicate either 
no change or a decrease in heart weight (HW), a decreased body 
weight (BW), and an increased heart weight to body weight ratio 
(HW/BW) in male rats. Conversely female rats made to swim (Oscai et 
al, 197la) or run (Baldwin et al, 1977) show no change in BW, with 
increased HW and HW/BW ratios. Thus the decreased body weight of 
the conditioned male rat is responsible for the increased HW/BW 
ratio, while the absolute increase in heart weight with no change in 
body weight results in the increased HW/BW ratio in females. When 
exercised male rats are compared with pair weighted sedentary 
animals, the hearts of trained rats are heavier than the pair 


weighted controls. This has heen attributed to the food restriction 


in the control rats (9scai, 19/la; Penpargkul et al 1980a). It has 
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been observed that enlargement of the coronary tree occurs in swim 
trained rats (Stevenson et al, 1964; Tepperman and Pearlman, 1961) 
while treadmill running has no effect on the collateral vessel 
development (Cohen et al, 1978). 

Swimming programs have shown significant increases in cardiac 
myofibril (Hearne and Gollnick, 1961; Rupp, 1981), myosin (Bhan and 
Scheuer, 1975; Penpargkul et al, 1980a; Wilkerson and Evonuk, 1971; 
Medugorac, 1975), and actomyosin (Guisti et al, 1978; Penpargkul et 
al, 1980a; Bhan and Scheuer, 1972; Malhotra et al, 1976; Medugorac, 
1975) ATPase activity. In contrast, treadmill exercise produces 
Slight changes (Baldwin et al, 1977; Resink et al, 1981; Penpargkul 
et al, 1980a) or no change (Dowell et al, 1977; Tibbits et al, 1978; 
Baldwin et al, 1975; Penpargkul et al, 1980a) in myofibril, myosin, 
and actomyosin ATPase activity. 

The intensity and duration of the exercise program relates to 
the ATPase changes incurred. Time studies have demonstrated that 
during the first eight weeks of a program the ATPase activity 
increases in proportion to the duration and severity of the program 
(Bhan and Scheuer, 1972; Wilkerson and Evonuk, 1971; Baldwin et al, 
1977), and following two weeks of deconditioning the ATPase activity 
from hearts of previously conditioned animals is similar to that of 
sedentary controls (Guisti et al, 1978; Malhotra et al, 1976). The 
type of exercise program employed also corresponds to the ATPase 
changes found. Both moderate and intense swimming programs lead to 
significant increases in ATPase activity while only the very intense 
bouts of treadmill exercise show slight increases in ATPase activity 
(Baldwin et al, 1977; Resink et al, 1981; Penpargkul et al, 1980a) 


of the contractile proteins. This indicates that the cellular 
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adaptations of cardiac muscle to exercise is related to the type and 
amount of exercise performed, and that very distinctive differences 
may be apparent concerning the stress that running and swimming 
place on the heart muscle. 

Most studies examining the causitive relationship between 
ATPase changes in cardiac tissue and training concern either an 
alteration in the myosin molecule or in light chain phosphorylation. 
In 1975 Bhan and Scheuer found an increase in the HMM ATPase 
activity of exercised animals indicating that the change was 
occuring in the head region of the myosin molecule. This change was 
not related to the oxidation of sulphydryl groups (Bhan and Scheuer, 
1975; Resink et al, 1981) but the differential effect of ethylene 
glycol on activating myosin ATPase suggests that a_ local 
conformational change may occur in the myosin molecule from hearts 
of conditioned rats (Bhan and Scheuer, 1975). Rupp (1981) supported 
this contention when he determined that a three band pattern of 
myosin. consisting of Vy V2 and V3 with isoenzyme Vy 
predominating in control tissue is changed into a single band 
identical to VV; with slight traces of Vo and V3 detected 
following a twelve week swimming program. This indicates that a 
local conformational change does occur in conditioned rats through 
jsoenzyme pattern alterations. 

The ATPase changes following physical training are also 
accompanied by light chain alterations, with increases in the amount 
of LC 1 present from the myosin of swim trained rats (Medugorac, 


1975). Further to this Resink et al (1981) found that the maximum 
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extent of phosphate incorporation is greater in hearts from running 
trained animals as is the phosphate content and the susceptibility 
to phosphorylation in response to an elevated extracellular calcium 
concentration. Their results suggest that an enhanced capacity for 
transarcolemmal Cat? flux in the hearts of trained animals may 
be responsible for enhanced Cat2 dependent phosphorylation of 
myosin P light chains thus improving cardiac function. 

Concomitant with the myofibril, myosin, and actomyosin ATPase 
changes are corresponding alterations in the contractility of the 
heart. Measurement of these enzymatic activities are elevated in 
States of increased contractility and diminished in states of 
decreased contractility (Hjalmarson et al, 1970; Goodkind et al, 
1969). Thus it has been postulated that the reported exercise 
induced increase in cardiac contractile protein ATPase activity 
following training would seem to represent a cellular mechanism to 
account for the improvement in cardiac contractile function. 

Conditioning programs have shown an increase in maximum 
velocity of superprecipitation of protein (Vmax) (Bhan and Scheuer, 
1972; Resink et al, 1981), max dp/dt (Dowell et al, 1977; Penpargkul 
and Scheuer, 1970; Schaible and Scheuer, 1979), negative dp/dt 
(Guisti et al, 1978; Bersohn and Scheuer, 1977), tension output 
(Tibbits et al, 1978), tension development (Schaible and Scheuer, 
1979), tension at a given diastolic length (Whitehorn and Grimmenga, 
1956; Crews and Aldinger, 1957), and an increased preload and 
afterload (Scheuer et al, 1974). In additon there is an increased 


work capacity (Whitehorn and Grimmenga, 1956), reserve capacity 


reg bs, 


oa ne aacavoys ne oD — 
= a 

“apt Vifoeqes Hieeheuiys we 46M Seopeut 6 a 7 
yom. aisnine, tenia ja ¢ 25a nil, ne ait Se Th 
10: bubtbhertgeong: tesdoubap. S69 pasmudag 0 

LAoLIDALY | bind uh hog, 2m fete: amt 
eanttt wtzoyumdos Dus iitdoym fr Toye Sa? ‘Ate SnGs | 
ai? va vsti Poser gd on) nF annlamapin gat hnoges Ig) SNe? pasiis 


hie, Sa e 
ai bedtvale ove. Saitivizza ofedingat>> Gel “To Josmaqueee a eon 


7 


wv «@ 


%¢ 2e7Tety nh badehirin| > ban xt irasbvtnes os ZhsTI0F te , 532 
te 38 ‘vin (ibgi Sh@1 ple 38 iganamlsehy ysl Riser epee. ies 
erftowes incase, sny csr SIEOg mad 25h >t le a{@er 

viiveron sencTA bisa alijodrangs aipises Al salanekt Scat 
oo nelntddoen-eiuliss, & aesesiget os) Mase bug up taieiy eriv@tfoy 


Antennal Psesgeoa, se¢tnad nn’ aensvotme ed W7 smunao8 
mumiven ne G2engsot Ab Geotle OVEN ‘2mHTepTS oningiithad? - 
S 
Gana foe AGAH) Cader *nfeJaetq. ne) 36 ftoleata dus we qiiooled — 


wepra(ie4 \4eT). ie to | PewoO]ab\qh acm ,(iheh fede inte :Sveh 
Soigh wwlajapor (2) | woeueiie Alb Svat giie. ae} . eso baw 


tyatue vei ent, ete! -nguetse one anoniee Se! , fh Ja ry 7 
ad « | ; i? 

wsuadse Dae Sin ans2) inipmad Tevaly Horemas | Wi ik 33 estat) 

Lebaterind ine nis. 10H) wtonst vijoreaily ABVIO oh 3 Noten? ar er. 


one hedhosy hervesianir nb. bes ae se opnae ih inn pa = a 


beenstani.ns &) S144) jotibts iil. 


“rivigrs syreesy: 1478! abies | onesie) 


(Penpargkul and Scheuer, 1970), ejection fraction (Schaible and 
schever, 1979), and peak systolic pressure. Maximum rate of 
shortening and maximum positive dp/dt are also greater in rats 
conditioned by swimming when compared to those conditioned by 
running. The increased rate of relaxation found in hearts trained 
by swimming correlates with the Cat? binding and uptake by the 
SR observed by Penpargkul et al (1980a). They consistently found a 
greater Caté binding and uptake from the hearts of swimmers when 
compared to the sedentary controls (Penpargkul, 1979) with no 
changes apparent in the SR of hearts from runners (Penpargkul et al, 
1980a; Dowell et al, 1977). This is consistent with the observed 
mechanical differences between the two exercise models (Penpargkul 
et al, 1980a). 

The trend for swim trained animals to develop greater pressure, 
ATPase activity, and rates of relaxation than runners suggest that 
adaptations to swimming and running may be quantitatively different 
(Schaible and Scheuer, 1979). According to Flaim et al (1979), 
there are distinct differences between aquatic exercise and 
treadmill running during acute exercise bouts. Heart rate, cardiac 
output, and right and left ventricular coronary blood flow increase 
Significantly during treadmill exercise while no change in these 
parameters were noted during aquatic exercise (Flaim et al, 1979). 
Stroke volume does not change in either group. Strenuous exercise 
by rodents elicits an 02 consumption value of approximately 85 
ml/kg/min during treadmill exercise with a much lower value of 60 


ml/kg/min found during swimming exercise (McCardle, 1967; Shephard 
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and Gollnick, 1976). Water immersion had been considered to play a 
role in the biochemical changes found with swim trained animals that 
does not occur in the hearts of treadmill trained animals until 
refuted by Penpargkul et al (1980a). From the available data it is 
unclear why swimming and running should have different mechanical 


and biochemical effects on the heart. 
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DIABETES 


Animal Models 

Diabetes can be defined in anime] and in man as a disorder 
associated with a number of clinical, physiological, and biochemical 
signs varyingly combined always with a degree of hyperglycemia 
(Cameron et al, 1972). 

In recent years many studies have veen conducted jin animals since 
they provide a multitude of interacting factors contributing to the 
Syndrome of diabetes that is not feasible in the afflicted human 
(Nakhooda et al, 1977). Several advantages have been provided by 
animal studies; 1) In humans genetic factors are difficult to study 
and control, while animal colonies allow many generations to be 
Studied in a relatively short period of time 2) when dealing with 
animals entire muscles and/or organs can be excised and assayed, while 
this information is generally limited in humans 3) animals allow 
researchers to study diabetic pathology from the acute stages of the 
jliness to the chronic since the life span of most animals 1S much 
shorter than in man (Mordes and Rossini, 1981). Although it is 
unlikely that any one model of animal diabetes will provide the 
ideal model for human disease that is identical in most respects, 
the advantages afforded by animals make them valuable research tools 
(Cameron et al, 1972). 

Two models of diabetes are utilized in animal research; 
spontaneous and experimental diabetes. Spontaneous diabetes in 
animals iS a common occurence which has been characterized in 


Several species. Various strains include the diabetic mouse 
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(db/db), Chinese hamster, sand rat, Spiny mouse, BB rat, celebese 
ape, and keeshod dog (Mordes and Rossini, 1981). The most prominent 
feature of spontaneous diabetes syndromes in these animals are 
hyperglycemia, transient hyperinsulinemia, and obesity (with the 
exception of the spontaneously diabetic Wistar rat (BB) and the 
Chineese hamster). The acute syndrome of the BB rat is 
metabolically similar to that observed in human subjects with 
juvenile onset diabetes (Mordes and Rossini, 1981). 

In addition, many experimental tecniques are available for the 
creation of diabetic syndromes. These include the use _ of 
contrainsulin hormones such as glucagon, glucocorticoids, and growth 
hormone which have antagonistic effects on insulin, hypothalamic 
diabetes, virus induced diabetes, and toxic diabetes (Mordes and 
Rossini, 1981). 

Toxic diabetes, the use of chemical agents to produce diabetes 
permits detailed study of the biochemical, hormonal, and 
morphological events that occur before and after the induction of 
the diabetic state (Mordes and Rossini, 1981). Two agents which 
have been most extensively studied are streptozotocin and alloxan. 

Both streptozotocin and alloxan are beta cytoxins which produce 
permanent diabetes by destruction of the beta cells with a resulting 
insulin deficiency (Rerup, 1970). Both are diabetogenic in the rat, 
dog, hamster, monkey, and mouse with the effect being both strain 
and sex dependent (Mordes and Rossini, 1981; Rerup, 1970). 

Several pronounced differences exist between the two drugs 


1) alloxan has a circulatory half-lite of one minute while 
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Streptozotocin has a half-life of ten to fifteen minutes (Dubin and 
poret, F97/> Ganda “et al, 1976) 2) alloxan appears to act 
extracellularly on the beta cell membrane while streptozotocin acts 
intracellularly, therefore it appears that the two drugs damage the 
beta cell through two different mechanisms (Rerup, 1970) 3) 
Streptozotocin decreases tissue NAD levels by decreasing synthesis 
and increasing its breakdown, while alloxan does not have this 
effect (Ganda et al, 1976; Dubin and Soret, 1977) 4) with alloxan 
diabetes, there is an ability of certain sugars to protect the 
animal against its effects when administered before the alloxan. 
These include glucose, mannose, and fructose, while 3-0 methyl 
glucose is the only substance that protects equally well against 
both. 

Several studies (Malhotra et al, 1981; Penpargkul et al, 1980b) 
have administered 3-0 methyl glucose before streptozotocin as a 
control measure to determine whether the streptozotocin or the 
diabetic state itself is producing the physiological, metabolic, and 
biochemical changes associated with this model. In both studies the 
3-0 glucose group had normal blood sugar values and the changes 
found in the diabetic group were not apparent in the 3-0 glucose 
group. Therefore it appears that streptozotocin injection alone is 


not sufficient to cause the deliterous effects of diabetes on the 


heart (this topic will be discussed in more detail in further sections) 


Cardiomyopathy 


Diabetes Mellitus has been associated with an _ increased 


mortality rate due to congestive heart failure (Kannel, 1978) 


. 160 


Re 7 ara. . sty 


ee ae ia 7 . 7 +* 7 . So 
tee rime! mairak neat) ages MORE ahd Re ran 4 oe 


were 
T>s Shi) ye Ags0} ‘et ie coli a 48 Mee sie a1 rd ’ 
589m tTadsogndoarts alttw omar Mg ndoe et nO cleans 

aan 


M2 epansti Zu ows “7! ‘3 etaaqes 2] sige tay ytrelwltea Las 7 


Tae 


oa 
A) aweragto inergieeh ows fgunm?. Tiles état 


‘ 


Pani trv hikers Gab yal havst Ut .SeeSt | SReSST aw ensue aE 


#2 svork oir early nesulfe <hr. ~pwabeEs ie ‘237 ontzenset bre 
, 
sive Linn oid t88e! . 1s 3 ebne) Pastis 


HERO >] ity re 
wit? 1983074 ipmies 30, WNT de an 2) Soend peekscaTa: 
hctolte: ‘Sat siotek! beveseiniiebe MStw Sips}, 27) deefeps (amine 
fyitem O-F eff a4, y" ig s2snhen «Pe mule epg. opt p2onT 
neape Ll vitthee 2a serfs ssnevedue ving 947-21 azpouly: 
ied 
. —— 
ia P ] io aev : i" is Js ev Jovtem) zesmbure [misvoe ; 
r, ‘ao seresyeq f> sled gzoqutp iw cere} Der, hane set mds evel 


3. s@ phogsowodanrt2 ortiqcetcalw antiiedel 02 euzeie fondaod: 


= obs 
bis .,atlossign , foto i and Lersuiery ef Vises] siede oldedet® 

| 

= 1% P. 707 ni .'Spem oirna it tw 2*n4 9022R Papmonis ‘estmatsate. 
- 

vont wilt bis weulev veews wodle 'srrad Bed quote, sengudp: Uae: 

Tr 
ule UE. og nt gaensqcé Ja So qint SFiodaio wht AT baeOF 
— 


| oe! & ne! o34" ni nfFao oy y 72 font 2h Sout Ti e016 ett —) ie 


n_ 
edz 4 redsdeth 16 2399198) eugIT1OD ORS szNeo U9 sosiottiwe 3 nT 
4 
(2nataaer vouiwt wi iféjod oem HF ipeee ia Fb on dim 2kaos iia “ait 
f _ 
- a 
6s 


=? 
" : 7, Rae ot 
wwititom aiana 


bt ub ater gd 
= , ' 


—. 
= 


1s 


wneenarage” Hé (ftw Wasetae, ca 


| pulls’ Miner! 
- 


Recent post mortem studies have questioned the significance of 
coronary artery disease (atherosclerosis) as accounting for 
premature deaths in diabetes. Two seperate studies found no greater 
degree of obstructive disease in the coronary arteries of diabetics 
compared to control subjects (Vihert et al, 1969; Ledet, 1968). 
Epidimological (Kannel, 1978), clinical (Regan et al, 1977; Ahmed et 
al, 1975; Rubler, 1975), and pathological (Hamby et al, 1974), 
studies suggest the existence of a diabetic cardiomyopathy 
independent of atherosclerosis, coronary artery disease, 
hypertension, or valvular disease. Diabetic cardiomyopathy implies 
the existence of a specific diabetic heart disease whose etiology is 
unknown. 

Although the increased mortality rate due to congestive heart 
failure may be partially due to atherosclerosis it is also due to 
other factors which are responsible for the development of 
cardiomyopathy. These include various morphological, metabolic, 
physiological, and biochemical changes which will be reviewed in the 


following sections. 


Morphology 

A variety of morphological changes have been observed in the 
intramural vessels and ventricular muscle of diabetics. Narrowing 
or complete obliteration of the lumen of these vessels has been 
observed in most studies (Blumenthal et al, 1960; Ledet, 1968; 
Hamby et al, 1974; Regan et al, 1977; Crall and Roberts, 1978), 
although Ledet (1976) was unable to substantiate severe 


microangiopathy in the myocardial capillaries of juvenile diabetics. 
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Associated with these changes are pathological lesions (Giacomel1i 
and Wiener, 1979; Ledet 1976; Rubler et al, 1972; Strobeck et al, 
1979), fibrous plaque formation intimal proliferation, calcification 
(Rubler et al, 1972; Blumenthal et al 1960; Ledet, 1968; Strobeck et 
al; 1979), and severe hylanization with an increased amount of 
collagen (Haider et al, 1978; Regan et al, 1977), perivascular 
tissue, connective tissue, and number of cells in the tunica media 
(Baandrup et al, 1979; Ledet, 1968). There iS a perivascular 
thickening of the basement membrane, interstitial deposits of 
glycogen and glycoprotein, (Regan et al, 1974; Regan et al, 1977) 
and a PAS positive wall seen in many of the diabetics coronary 
vessels (Haider et al, 1978; Ledet, 1968; 1976; Regan et al 1975; 
Blumenthal et al, 1960). 

Morphological changes in the ventricular muscle include the 
presence of osmiophillic droplets aligned in rows within’ the 
myofibrillar spaces, disrupted sarcomeres, loss of myofilaments, and 
atrophy of myocytes and amorphous material in the perivascular and 
jnterstitial locations (Giacomelli and Wiener, 1979). The number of 
mitochondria is increased (Regan et al, 1977; Strobeck et al, 1979; 
Giacomelli and Wiener, 1979), and may be swollen with disrupted 
cristae and inner mitochondrial membranes (Strobeck et al, 1979; 
Giacomelli and Wiener, 1979). In addition along with myofibrillar 
degeneration, an increased deposition of collagen, perivascular 
tissue and connective tissue is also apparent in the ventricular 


muscle of diabetics (Ledet, 1968). 


Metabolic Changes 


Diabetes Mellitus is characterized by the presence of high 
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circulating glucose levels, and relative insulin deficiency which 
results in abnormal carbohydrate, protein, and lipid metabolism. 

The carbohydrate utilization in hearts of diabetic animals is 
altered by several mechanisms. The primary dominating effect js 
reduced glucose transport due to an insulin deficiency (Morgan et 
al, 1972). The secondary effect concerns changes in phosphorylation 
kinetics, (eg a seven fold rise in Km), thereby increasing the 
requirements of intracellular glucose to maintain the same rate of 
phosphorylation in the diabetic tissue as in the normal tissue 
(Opie, 1968; Morgan et al, 1961). Changes in the glycolytic pathway 
in the diabetic state include inhibition of hexokinase (Neely and 
Morgan, 1981), phosphofructokinase (PFK) due to increased levels of 
citrate synthetase (Opie et al, 1979; Newsholme and Randle, 1964), 
and a decrease in pyruvate dehydrogenase activity due to higher 
tissue levels of aecytl CoA and NADH (Garland and Randle, 1963; 
Sinclair-Smith, 1979). In addition, increased levels of cardiac 
glycogen is a common feature of diabetic hearts with any glucose 
taken up by the cell diverted toward glycogen synthesis (Neely and 
Morgan, 1981; Shipp and Murthy, 1978; Opie et al, 1979; Penparkgul 
et al, 19806). This #6 result of the altered “activities of the 
glycogen synthetase (Opie et al, 1979) and phosphorylase system as 
well as the decreased activity of PFK (Neely and Morgan, 1981). 
This depression in carbohydrate oxidation could explain the decrease 
myocardial content of ATP and CP in perfused hearts from diabetic 
rats (Opie et al, 1979). 


In addition, the rate of glycolysis in the heart is controlled 


. 163 


"pata 


| o "ev | 

: : a, : 
‘i ‘youre. eres arn i (* i a ae 
te pee Peer _ ation a than. 


at grip? gate veny te if an ‘yaar neraz 8 “ 
Weosteh sabe ote. Aisln'ap. 0 asoauly: ‘ag tht Toae1 sa} 70 
syaet? lamien ony nb 26 sapety srgedath ate ef noraety 


. a4 
aunien oftyteociy oft ni Jsppand (2803, ts 32 nepiol 2 eel as 2 0) 
hin qb) Secttiokst to wotstdtint @hufanh saeie otredeth ot a 
- 


ae 
Yn sfeoel haceeson’ at oot (FRA) epaneabsoiviorgqeong , (1821 G on 


- 
ma) 
—- 


-bRe0) . alicia Ban omfadewst: FOOL Te 29 $1q0) szassigny? 
saipin of sub vJivtion.. Seensporbynan sisyunyd nl scerwob BHR 
fe) ,albred tins. oveinedy” AO baw And F2yc968 4 sioest sought 
igihnea Yo zlevsl bazseiset ,norsthhe ef 8 .(esed isteeaate faake 
9zoouip yne iarw aricant s}tedath Te saugest noamns € @f 9909 ft 7 
hog vias) <ef2adseye nepooyly Wiawos hotvavth ifen of9 nw nea 7 
fuptrsqnss ;oNe! , te, ia: stg) Nei vies bre celiat ; feet  nepre on 
gj in 2atahvirseVharvsits any A Tuer: 5 af 2tat - (ange aie a 
ef moteye SeelyAongguny ‘bas (OWT esse 29, #6) sectsntmyg WOU vue 

tI8@£ <agp7ett “bos Viasat) 24 10, ‘biter beessszeh anz th Thaw 7 
ensiosP 9s nfetona, iiljas ont tebe . mere 
p STK 0 ine3no9t 
* eet le te stat 


atforsnas 2f treat itd ot efeypes peto S300 sit vata 


Viton hh MOT: s29h3d ASeul sg, oF eae 


by the plasma concentration of free fatty acids and ketone bodies as 
well “as cardiac ¢éll lipolysis (Wood et. al, 1981). Thus the 
impaired glycolysis of cardiac muscle in diabetic animals may be the 
result of increased oxidation of fatty acids and ketone bodies by 
the myocardium (Randle et al, 1966; Scott, 1975). The 
concentrations of plasma free fatty acids (FFA) is increased in 
diabetic animals while tissue levels remain unchanged (Regan et al, 
1974). Since the rate and uptake of FFA is proportional to the 
circulating FFA the uptake of FFA is increased (Opie, 1968), 
resulting in increased levels of myocardial triglycerides (Scott, 
1975; Denton and Randle, 1967; Regan et al 1974; 1975, 1977), 
cholesterol (Regan et al, 1974; 1975; 1977, Murthy and Shipp, 1977; 
Evans and Hollenberg, 1964; Haider et al, 1978), and a faster rate 
of lipolysis (Neely and Morgan, 1981). It has been postulated that 
the increased activity of the enzyme of triglyceride synthesis may 
play a role in the accumulation of myocardial triglycerides in 
diabetes (Murthy and Shipp, 1977). The turnover of tissue 
triglyceride is also accumulated in hearts of diabetic animals 
(Evans and Hollenberg, 1964) and increased concentration of acetyl 
CoA, glyceride, acytylcarnetine (Snoswell and Koundakjian, 1972), 
cAMP and citrate are found in the diabetic myocardium. 

Hearts of normal animals oxidize fatty acids as the major fuel 
but utilize more carbohydrate immediately following a meal when 
blood glucose and insulin are elevated. Seventy percent of the ATP 
is derived from oxidation of fatty acids with essentially all of the 
remainder derived from glucose oxidation (Neely and Morgan, 1981). 


In diabetic subjects blood levels of fatty acids and ketone bodies 


we sping etal me ent _ ee —e e a | 
aut level 1 eT ie — neon 8 ’ 
nb Saeetcat 27 {AI} ebiee et gered per te mwhreransonad 
ota as nh) Peonaljiu  Nismery ataval peel ot tie slicititecde ‘ 
out ot Janate ging 2! At) 30 sdazde Sem wae ORY eonre 
AGSRL p70) bereriint, 2) AtP an ofehyn wie MA press - 

' 
et 
a 


© 
“st te seution posd ant tt. (d8ee ~necact tne. efasit) eteyflogt! Io 


29082) schtasayigl’s) tebe tnoeys. ta suvel twrnsront nt ewrate : 


is 


Aer ese! evel in ae rages waar ~siton® Os redaall 5 


-StOe ,ueiee tie wireom , Tver :evel -b0e! , ts % eager) hows. io 


ogee Sedan) o oes , (SVE! 1a Ie abl at. ; 5001 kanes Ton nos = 


a 


yim 2recdines slibyeoyipiit Yo wivenh aff VW yPeer eas boeastont amty? 
“) esbiesylems Tethrssowe Yo fet talent wl? «at afm 6 xeiq. ; 
eueei? YO “svomms grt | (et .aghte> bag. yore) estadath 
sIawing sifedsib Yo edie af beséfamusas ovis 2? ebirsoulpnd 
(yt@en Yo wobtevingores fareasont bn5 [¢80L. -erodnel oH one znsv3) 
,2et] ,webesahtioesd be [faw2end) ant damealatyse sbi ned, ip oA a 

sm tbasodym, 2)Soteth oA) ni brug ois 926931y dnd SAS - 
? 


- 


iaut sogem 44% ce 26f 28 yee? eniltxo clomine. (semen to e76oh 7 : 
nurlw leew s priwotfet yletsThamm? eteittytedis> som axittou Ss J 
STA, Ont ns Wee%"Sg efogve = ,Hedavela = mitoant Hos ezaety 2 on a 
wot Yo. tle Veteiinases foie pbing ecael 40 galisbhao wot? bovine 3f 
« (7885) . np bre -y Paei) ng ab tp ip mer? bovttsh sabe’ 


vate snoted Unk chide. q2981 Yo 


are high, and these substances account for virtually all of the 
oxidative fuel of cardiac muscle (Neely and Morgan, 1974), thus 
virtually all of the ATP is derived from these substances. 
Therefore, in hearts not working at maximal loads, energy production 
from oxidation of lipids compensates for reduced glucose use which 
allows the diabetic heart to maintain normal function. However 
under maximal stress, an intrinsic defect of the heart to produce 
ATP seems possible (Sinclair-Smith, 1979). In fact Opie et al, 
(1979) have demonstrated that promotion of lipid uptake by the heart 
with regional ischemia tends to exagerate the extent of ischeamic 
injury . 

Abnormalities in ventricular function may also result from 
imbalances in the rate of synthesis and degradation of specific 
proteins (Neely and Morgan, 1981). A reduction in the ability of 
intact hearts from streptozotocin diabetic rats to synthesize 
protein was found by Pain and Garlick (1974) and Wool et al, (1966) 
along with an accelerated degradation (Wool et al, 1966). Rannels 
et al (1970), found that protein synthesis in hearts of diabetic 
rats proceed at normal rates due to the ability of fatty acids to 


maintain protein synthesis. 


Physiological Changes 

Primary physiological abnormalities have been found in clinical 
and experimental diabetes, both at rest and under various loading 
conditions. 

At rest these abnormalities include a reduced stroke volume 


(Regan et al, 1977) and increased heart rate (Ahmed et al, 1975) 
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with no change in cardiac output or coronary flow (Ingebretson et 
al, £980). There is an increased conduction time, isovolumic 
contraction time, atrial diastolic pressure (Ahmed et al, 1975), and 
endiastolic pressure (Regan et al, 1977), with decreases in the left 
ventricular ejection fraction (Zoneraich et al, 1977), diastolic 
compliance (Regan et al, 1978), left ventricular pressure 
development and rate of rise of ventricular pressure (Ingelbretsen 
et al, 1980). 

In addition, the use of noninvasive measures to measure left 
ventricular performance in man have revealed several abnormalities 
in systolic time intervals (STI). These include a shorter left 
ventricular ejection time (LVET), a prolonged pre ejection period 
(PEP) and a substantial increase in the ratio of PEP/LVET (Ahmed et 
al, 1975; Regan et al 1975; Zoneraich et al, 1977). A two hundred 
percent increase in PEP/LVET is characteristic of the heart in 
failure by clinical criteria. The forty percent increase found in 
diabetics is therefore an intermediate between normal and that 
observed in cardiac decompensation (Ahmed et al, 1975), thus the 
abnormalities in the left ventricular STI may be considered a 
preclinical manifestation of cardiac malfunction. 

Altered preload and afterload may also contribute if not 
constitute one of the major determinants of this preclinical 
abnormality (Regan et al, 1974). During increased preload diabetics 
develop a significantly higher end diastolic pressure (EDP) than 
normal controls with similar endiastolic volume increments (Regan et 
al, 1974). Also apparent with increased preloads are decreases in 


peak systolic pressure development, cardiac output, (Penpargkul et 
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al, 1980b; Miller, 1979), Stroke work, ‘coronary flow, and peak 
aortic flow rate (Penpargkul et al, 1980b) with decreases in maximum 
negative and positive dp/dt (Penpargkul et al, 1980b; Ingebretson et 
al, 1980). With moderately enhanced afterload the diabetics develop 
a significantly higher EDP than normal controls but fail to increase 
EDV as do normal controls (Regan et al, 1974; Regan et al, 1977). 
Secondary to the abnormal filling of the ventricles due to decreases 
in EDV are reduced stroke volume with no change in stroke work, and 
and increased endiastolic filling pressure/volume ratio indicating 
greater endiastolic wall stiffness (Regan et al, 1974; 1975; 1977). 
This increased diastolic stiffness in the left ventricular muscle of 
diabetic dogs supports the greater rise in EDP as compared to 
controls while the absence of EDV increment can be explained by an 
altered wall compliance due to accumulation of glycoprotein in the 
myocardium or impaired ventricular relaxation, (Regan et al, 1974). 
Prominent physiological abnormalities observed in the process 
of relaxation include 1) a delayed onset of relaxation as measured 
by time to peak isotonic shortening 2) a slowed rate of relaxation 
characterized by a prolonged time for isometric relaxation and a 
depressed rate of isotonic and isometric relaxation 3) a delay in 
reaching peak isometric and isotonic relaxation rates (Fein et al, 
1980). Associated with these changes is a depression in the force 


velocity relation. 


Biochemical Alterations 
The physiological alterations previously documented most 


probably result from energy utilizing mechanisms responsible for 
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contraction and relaxation (Penpargkul et al, 1980b). 

A close positive correlation between the Cat@ ATPase 
activity of actomyosin and the velocity of ventricular muscle 
contraction has been well established (Barany, 1967). Biochemical 
evidence indicates that cardiac tissue from diabetic animals show 
depressed myosin, actomyosin, and myofibril ATPase which may mediate 
in part the diminished contractility of the diabetic heart (Malhotra 
et al, 1981; Dillman, 1980; Pang and Weglicki, 1980; Pierce and 
Dnalla, 1981). In addition Malhotra et al (1981) and Pierce and 
Dhalla (1981) determined that both basal (Mg*2 ATPase) and 
Cat2-mgt2 activated ATPase activity are depressed in both 
male and female diabetic rats, as early as one week after the onset 
of streptozotocin induced diabetes. Basal activity was lowered from 
0.22 to 0.16 umol Ps/mg-!/5 min, while Cat@ stimulated 
ATPase activity was lowered from 0.84 to 0.71 umol Ps /mg-1/5 
min at 10-9 mM Cat@ (Pierce and Dhalla, 1981). Several 
studies have attempted to determine the causitive relationship 
between ATPase activity and diabetes in cardiac tissue. Dillman 
(1980) and Malhotra et al (1981) found a redistribution in the 
pattern of myosin enzymes Vj, V2, V3. The predominating Vj 
jsoenzyme in control tissue was replaced by the V3 isoenzyme in 
diabetic tissue which has a ten fold lower ATPase activity than 
Vie The new expression of an isoenzyme of myosin has been 
suggested to be responsible for altered ATPase activities in various 
states (Hoh et al, 1977). Pierce and Dhalla (1981), using varying 
KCl concentrations determined structurally different forms of the 


protein may be found in diabetic preparations. In addition to these 
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subtle structural alterations based on ethylene glycol studies they 
suggest conformational changes at or near the active site of ATPase 
activity through sulphydry] group modification may inactivate myosin 
WiPase aeLivity. 

Pierce and Dhalla (1981) also tndicate that there is no 
apparent difference in the dependence of myofibrillar ATPase 
activity on free Ca’ concentration, leading to the possibility 
that there may be a dependency of the myofibril on free Mgté 
concentration. 

One of the most prominent physiological alterations is a delay 
in the rate of relaxation (Fein et al, 1980), leading to the 
hypothesis that abnormalities exist in the energy utilizing 
mechanisms responsible for contraction, most probably a disorder of 
Cie Si 

Penpargkul et al, (1981) found a reduced Cat? uptake and a 
marked depression in  SR-Mgt2 ATPase and Cat2@-mMgt? ATPase 
activity in the cardiac SR of streptozotocin induced diabetic rats. 
The SR functions differed between hearts of male and female rats. 
The Caté uptake was 30% lower in preparations from female rats, 
while Mgt@ and Cat2@ ATPase activity was also substantially 
lower than their male counterparts. 

The possibility was considered by Malhotra et al (1981) and 
Penpargkul et al (1981) that the biochemical alterations were not 
due to a diabetic effect of streptozotocin on the heart. Studies 
performed in female rats pretreated with 3-0 methyl glucose a sugar 
used to prevent the diabetogenic effects of streptozotocin show no 


depression in Car2 binding, Caro uptake, myofibril ATPase 
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activity or a delay in the rate of relaxation (Fein et al, 1980: 
Malhotra et al, 1981; Penpargkul et al 1981). Therefore it has been 
concluded that streptozotocin injection alone is not sufficient to 
cause the deliterous effects on the heart, hut diabetes must develop 


for these abnormalities to become manifest. 


APPENDIX B 


BIOCHEMICAL PROCEDURES AND ASSAY VARIABILITY 
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Isolation of Myofibril Proteins from Cardiac Muscle 


Reagents and Chemicals 


1. Buffer I: 39 mM Na-Borate; 25 mM KCL; 5 mM EDTA; ph 7.1 
(relaxes muscle by removing calcium) 

2. Buffer If: 39 mM Na-Borate; 50 mM Tris; ph 7.1 (washes out 
EDTA) 

3. Wash Solution: 50 mM Tris; 10 mM NaN3 (inhibits mitochondrial 
ATPase); 100 mM KCL; 0.5% Triton X-100 ph 7.4 (removes SR and 
sarcolemmal ATPases) 

4. Suspension Medium: 150 mM KCL, 50 mM Tris ph 7.4 

Procedure 

1. Homogenize tissue in 20 volumes of cold Buffer I for 20 seconds 
at a setting of 7 with a polytron tissue homogenizer (Pt-10 

2. Centrifuge the homogenate at 2200 rpm for 12 minutes using a 
centrifuge 

3. Decant supernatant and discard. Resuspend the pellet in 20 
volumes of Buffer II, centrifuge atr 2200 rpm for 12 minutes and 
discard supernatnat 

4. Resuspend pellet in 20 volumes of wash solution, centrifuge at 
2200 rpm for 12 minutes and discard supernatant 

7. repeat step 6 

8. Resuspend pellet in 20 volumes suspension medium, centrifuge at 
2200 rpm for 12 minutes and discard supernatant 

9. resuspend pellet in 7.5 ml suspension medium 

10. Take 0.1 ml for protein determination (Lowrey et al. 1951) 
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B. Protein Determination 


Reagents and Chemicals 
1. 0.5% Cupric Sulphate (CuS0q.5H 0) 
2. 1.0% Sodium Potassium Tartrate (NaKCqHq0¢) 
3. 5.0% Sodium Carbonate (Na9C03) pH to 12.5 with 10 N NaOH 
Ae seowry © Solution: 61.7% Nac03 
35.7% Deionized Water 

1.3% CuSOq 

1.3% NakCqHg0¢ 
5. Folin Reagent: 1 to 1 (v/v) deionized water 
6. 0.3 N KOH 


7. Suspension Medium (see section A) 


Standard Curve(Protein Stock Solution: 5 mg/ml of bovine serum 


albumin in distilled water) 


Stock Buffer Concentration Final Concentration 
(m1 ) (m1 ) (mg/ml ) (ug/ml ) 

0.0 O35 020 0 

Oe} 0.4 1.0 6.0 

Oe2 Ones) 2.0 re 

Ons 0.2 360 19.0 

0.4 Gea 4.0 2520 


0:5 0.0 5.0 30.0 
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Procedure 


Solubilizing Protein 
ae Take 0.1 ml of homogenate or standard solution. 
tte erdd-0.2 inl) Of 205 3.4N/ KOH: 


iii. Incubate in water bath at 37° for 30 minutes. 


Reaction mixture 

i. Take 0.1 ml (twice) of soluble protein solution from above 

ii. Add 5.0 ml of freshly prepared Lowry C Solution to 
duplicate tubes 

iii. Add 0.3 ml of folin reagent of each tube while vortexing. 
Insure each tube is mixed for the same length of time. 


iv. Let reaction mixture stand for at least 45 minutes. 


Spectrophotometric Analysis 

ve Set spectrophotometer wavelength at 750 nm (Pye-Unicam 
SP8-100) 

ii. Use protein blank from the standard curve as the reference 

iii. Vortex each sample before the analysis of each sample and 


record optical density. 


Variability of the Protein Determination Procedure 


The protein content was determined for repeated samples (n=23) 


from the myofibril protein of one heart. The coefficient of 


variation for the Lowry method was 2.98% according to the following 


formula: CV = mean protein content 


Standard deviation 
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C. Incubation for Myofibril ATPase Activity (Belcastro et al, 1980) 


Reagents and Chemicals 


1. ‘Reactvon’Mediim (ph 7202 30°C) 100 mM KCI 


14 mM Tris 


O04" 150,710. 0°mM Mact> 


2. Caletum EGTAR(pHR? 0: 30°C) 1 mM EGTA 


1.2 mM CaCl, 


3. 122 Trichtoroaecetic Acid (TCA) 


4. 50 mM MgATP 0.1632 g ATP 


0.0508 g MgClo 


5 ml deionized water 


5. Suspension Medium (see myofibril isolation procedure) 


Procedure 


A. Reaction Mixture (everything must be kept on ice) 


Ly 


Take 0.50 ml of reaction medium into both A (active) and X (non 
specific activity) tubes. 

Taking into account the later addition of 0.1 ml ATP solution 
make each tube up to a total of 1 ml volume with the addition 
of 0.1 ml of suspension medium. 

Add 0.05 ml of Ca*@ EGTA 

Add 1.0 ml 12% TCA to every X tube 

Add 0.25 ml protein (after adjusting to 2 mg/ml) to each tube 


every 15 seconds. 
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B. Incubation 


ire 


ae 


Vortex each tube and incubate at 30°C for exactly 5 minutes. 
At 15 second intervals add 0.1 ml of MgATP solution to every 
tube and allow an incubation time of exactly 5 minutes at 30°C 
vortex contantly. 

Add 1 ml TCA to the A tubes at 30 second intervals, and place 
on ice. At the 15 second mark, remove the X tube and place on 
ice. 

Let tubes stand on ice for a minimum of ten minutes. 
Centrifuge tubes at 2200 rpm for 12 minutes and save 


supernatant. 


Variability of Myofibril ATPase Activity Procedure 


The ATPase activity was determined for repeated samples (n=23) 


from the myofibril protein of one heart. The coefficient of variation 


for the ATPase method was 1.6/% . 
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Phospate Determination 


Reagents and Chemicals 


iy 


10 N Sulpheric Acid: 28 ml H9S0q (98%) made up to 100 mi 


with deionized water 


2. Ammonium Molybdate - Ferrous Sulphate Solution: take 0.5 g 
ammonium molybdate and comppletely disolve in 5.0 ml 10 N 
HoSOa. Bring up to 30.0 mi with deionized water. Add 2.5 g 
Ferrous Sulphate and dissolve. Bring up to 50 ml with deionized 
water. 

3. KHoPOq (1mM stock) 

Procedure 

1. To blank and standard tubes add 2.5 mi 12% TCA 

2. To sample tubes (A and X) add 2.0 ml 12% TCA 

3. Remove 0.050 ml (50 ul) from standard tubes and replace with 
0.050 ml of KHoP0q (phosphate standard) 

4, To sample tubes add 0.5 ml supernatant from centifugation 

5. Add 2 mi of ammonium molybdate - ferrous sulphate solution to 


all tubes vortex and let stand for exactly 10 minutes. 


Spectrophotometric Analysis 


Pe 


Set spectrophotometer to wavelength 800 nm (Pye-Unicam SP8-100) 
Use deionized water as the reference 


Record optical density 


Calculate ATPase activity according to the following equation 


4 x .05 [activated sample 0D - nonspecific activity ]/standard OD 
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E. Calcium Binding to the Myofibril Protein (Solaro and Shiner, 
1976) 
Reagents and Chemicals 
1. Working Solutions: A) 0.04 mM Mg (pH 7.0) 32.5 mM NagATP 
135.0 mM KCI 
11.3 mM MgCi9 
65.0 mM NaC] 
B) 1.0 mM “4g (pH 7.0) 12.3 mM NaoATP 
260.0 mM KCl 
16.3 mM MgCi9 
105.0 mM NaC] 
2. Calcium Binding Solution 1lmCi New England 0.415 mM CaClo 
Nuclear 0.500 mM EGTA 
5.0 mM Imidazole 


3. Calcium-45 


Procedure 

In Add 1.0 mio sotution A or B, to ‘eacn cube 

2. Add 0.99 ml suspension medium to each tube 

3. Add 1.0 ml Calcium Binding Solution (5 uM free Cat) 

4. Add 0.01 ml Ca4° to each tube. Vortex and preincubate for 3 
minutes at 30°C. 

5. Add 2.0 ml protein (2 mg/ml) to the A tube. Add 2.0 ml suspension 

medium to the X tube. 

6. Vortex. Incubate Tor 2 minutes. 

7. Stop the reaction by filtering the solution through Millipore 


HAWP-0.45 micron filters. 
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8. Add O.1 ml of filtrate to 5 ml Brays solution and count for 5 
minutes. 
9. Galculate the Caté binding activity with the following equation 
umol CatZ/g myofibril protein =1-CPM with protein x 5 
CPM without protein yo eC 202 


.004 (protein g) 


Variability of Calcium Binding Procedure 
Caicium Binding was determined for repeated samples (n=19) from 
the myofibril protein of one heart. The coefficient of variation for 


the Calcium Binding method was 8.07%. 
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APPENDIX C 


RAW DATA 
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Table If: Raw Data for Heart Weight (HW), Body Weight (BW) and HW/BY 
Rat Number Ventricular HW (6) Body Weight (6) _ 
So) ers =a) | 
64 Ve29 435 
49 1.146 407 
66 a a 423 
67 1.056 385 
ee eee 085) 5. oe Pe ee 
AZo) 1.152 475 
48 1,185 421 
23 12013 440) 
56 Pecot 483 
61 1.009 425 
mo 08 e203 50 ae See 
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Vable IIT: Raw Data for Plasma and Urine Glucose Values (mg/dl) 
oe eee re ee ge leomea UO UCISe) 4 ae a Sr EO INCOSE ies 
Rat Number 1 (Wk) = 4 Be tee PRR ie oi es A 

a2 4 SC) 138.5 12355 124.0 = -----  —— =---- 
43 Leo. 12120 121.0  ----- ews) 
53 136.0 139.0 109.5 9 ----- 200.5 
56 120.5 12225 117.0 = ----- === => 
61 P1525 34.5 139.0 = ----- 966.0 
68 135.0 13120 141.5 ----- 155.0 
ee 123.5 116.0 147.0 ---- 420.0 
130 1D} 648.0 = 9 ----- 609.0 9009.0 8263 .0 
128 e55)..0 735.0 882.0 1139250. 20006.0 
12Z3 672.0 672.0 684.0 aio sig, 5120.0 
its 14720 984.0 630.0 (255.0) 5920.0 
171 7597.6 Sey EA) 675.0 9229.0 8040.0 
113 807 .0 786.0 648 .0 12190.0 3970.0 
102 {S0) 630.0 606.0 723.0 ----- 4060.0 
127 11010 561.0 762.0 = ----- 7393.0 
108 DEG. 0 TidO 882 .0 966.0 8660.0 
105 739.0 669.0 780.0 2646.0 5470.0 
137 942.0 813.0 27 0.0 4224.5 9720.0 
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Table IV: Raw Data for Myofibril ATPase Activity with Varying Magnesium 


Concentrations (mM) 


ee eee ke UN Caen 1k ee eee Sum EGTA Fo, 
phot Number) 04 ee 

Bore. Oo 0.150 0.130 0.035 0.033 0.035 

64 0.188 0.177 Ce iey 0.045 0.047 OFS Oey 

49 Oe oD OL tS? 9.100 0.037 0.030 0.035 

66 0.160 0.167 0.143 0.050 0.048 0.045 

67 0.147 0.140 C105 O2037 0.030 ze 

oe ara 0.130 0.115 0.050 0.042 0.034 

42 (SC) O27 Q.123 0.102 0.048 0.050 0.050 

48 0.130 Qaues. G5 105 0.045 0.040 0.967 

53 OR ay Om te 0.087 0.032 02035 0.040 

56 O20ES Oia 0.100 0.037 0.040 0.065 

61 (Cee Qi? 0.102 0.023 0.023 0.018 

___ 68 | 0.100 Onl 00 eet 0s0s2eee0.025 0.027 0.027 

9 Seu 0.062 02057, 0.042 0.018 0.012 0.017 
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Li ee Ue 0.050 0.045 0-022 0.018 02022 

102 (SD) 0.070 0.067 0.042 0.022 0.022 0.022 

127. 0.070 Oy 2 0055 U.010 0.018 0.018 

108 0.067 05057 0.047 0.025 0.022 25 

RU) 0.060 02057 0.047 0.027 Ua025 0.025 

137 0.062 0.062 0.048 O2022 0.017 COS 
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Table V: Raw Data for Calcium Binding (umol Calcium- g-1) Under Varying 


Magnesium Concentrations (mM). 


Rat Number ss 04 mM Mg OM Mg 
39 (TC) Dele eee 
49 3.14 cee 
66 Coe ya 
67 -_ 3.220 ee 
42 (SC) 2.90 ae) 
b3 1.385 2209 
56 ---- Ove 
61 2.86 SOU Soe moe 
128 (1D) 07 2.34 
123 3.23 ---- 
118 Bh’) Cjeeees 
121 2.40 200 
10S 5(SD)) 2.02 2.49 
105 eso) 2400 


137 2.02 Er a 
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Table VI: Raw Data for the ATPase Activity of the 14 Day Control Group. 


ghee OO NUMBER eee ee a ee 
1 062 
2 065 
3 060 
9 2058 
11 .065 
12 Oye 
es 067 
18 AO yc 


Meane= 02065. + 003 


Note: The 14 day group has been considered seperate from the TC, SC, 
TD, and SD groups. Body weight, heart weight, and heart weight 
to body weight ratios for this group have not been included in 


the appendix. 
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APPENDIX D 


STATISTICAL PROCEDURES 
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A: Summary of Three Way ANOVA for Myofibril ATPase Activity with | 


Calcium-EGTA 
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Control vs Trained 


vs Diabetic 


ye Mgté Poncentrations (Gs04e 120; 1020) 


Source of Sum of Mean of Degrees of Peta G 
pees alo no Setanes. Squares —pee ee SeMON —. 
Between Subject OA 11637706 23 
A Deseo 523 OIG 7 57923 1 07.5 30% 
B 0.39949834 0.39949834 l (28.47% 
AB 0.39950430 0.39950430 1 Ir sete 
subg Within Group 05621926738 0251096325 20 
Within Subject 0.74142814 48 
iG 0.48639178 0.24319589 ia Boal 
AC Gon 207 5901 0560379505 a ics) 
BC 0.44441 223 OF 22220612 2 oa © 
ABC 0.44512749 Oreec 6374 Z ethers 
CxSubj Within Gr 0.15400648 0533501017 40 
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Control vs Trained 


Table B: 
Source of Sum of 
__ Variation _—_—_—_—s Squares 
Between Subject 0.10631893 
A 0.18046796 
B 0.70804693 
AB 0.12798607 


32429695 


17475486 


. 36012381 
«15635788 


- 43399632 


36646053 


11844635 
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Mgt2 Concentrations (0.04, 1.0, 10.0) 


Summary of Three Way ANOVA for Myofibril ATPase Activity with 


Degrees of Fo ratio 
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Table C-A: One Way ANOVA for Training Control With Increasing Magnesium _ 


Concentrations 


Source of Sum of Mean of Degrees of F ratio p 

_fariabign — . Squares Squares. Fresdom De eee 
Groups 0.37656 762 0.00 2 4,39 0.032 
error 0.64311475 0.00 E5 


Student-Newman-Keuls post hoc test comparing 
myofibril ATPase activity at 0.04, 1.0, and 10.0 mM 


Mgt 
Means a = 0.253 b = 0,153 ¢ = 0,126 
G 3,90" S.2i* 
(326/75) (3.015) 
b On Gs 
SB lors 


Table C-B: One Way ANOVA for Sedentary Controls With Increasing Magnesium 


Concentrations 


Source of Sum of Mean of Degrees of F ratio p 
Variation Squares Squares Freedom 2 
Groups 0.16154016 0.00 aw See ll 0.004 

Error 0.14761563 0.00 15 


Student-Newman-Keuls post hoc test comparing 
myofibril ATPase activity at 0.04, 1.0, 10.0 mM 
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Table C-C: One Way ANOVA for Training Diabetic With Increasing Magnesium 


Concentrations 


Source of Sum of Mean of Degrees of F ratio p 
Setotial in equates. =) Squames) yo) rhreedom 2 
Groups 0.36933110 0.00 2 9.08 0.003 
eCror 0.30516647 0.00 15 


Student-Newman-Keuls post hoc test comparing 
myofibril AfPase activity at 0.04. 1.0, and 10.0 mM 


Mgt2 
Means a = 0.056 b = 0.054 c = 0.945 
c OO Le Ned 
(3 675} (35015) 
b Oyo 
en ee (32015) eee een 
Table C-D: One Way ANOVA for Sedentary Diabetic With Increasing Magnesium 
Concentrations 
Source of Sum of Mean of Degrees of F ratio p 
____ Variation Squares Squares ___—_—sFrreedom 
Groups 0.86875795 0.00 2 Lea 0.001 
Error Osplvi 629 0.00 15 


Student-Newman-Keuls post hoc test comparing 
ian. ATjPase activity at 0.04, 1.0, 10.0 mM 


Mgt 
Means a = 0.064 b = 0.062 c = 0.048 
C G.002 bno0* 
(35675) EBay) 
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Table D-Ms 
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Summary of t-tests Comparing Myofibril ATPase Activity Between 


Trained and Untrained Non Diabetic Animals with Calcium - EGTA 


0.04 mM Mgté 


1.0 mM Mg*2 


10.0 mM Mgt2 


Mean 
Sekt. 
DF 


t-value 


t-value 


Control Trained 
0.116 0.158 
0.0044 0.007 
6 

TOs 

Control Trained 
Oeil Ceres 
0.0038 9.007 
6 
(Ass 
Control Trained 

0.096 0.126 
0.0038 0.01 
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Table D-B: Summary of t-tests Comparing Myofibril ATPase Activity Between 


Diabetic and Diabetic Trained Animals With Calcium - EGTA 


Mean 
0.04 mM Mgt2 See Ms 
OF 


t-value 


1.0 mM Mgt2 S.E.M. 


t-value 


Mean 
10.0 mM Mgt2 S.E.M. 
OF 


t-value 


Control 
0.064 


0.006 


Control 
0.062 
0.002 
6 


-2.42* 


Control 
0.048 


0.002 


Trained 
0.056 


0.002 


Trained 
0.045 


0.004 
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Table D-C: 


0.04 mM Mgté 


1.0 mM Mgt2 


10.0 mM Mgt2 


DF 


t-value 


Mean 
Seedy 
DF 


t-value 


t-value 


Control 
O65 
0.0038 
6 


26.06* 


Control 


0.096 


0.0038 


6 
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Summary of t-tests Comparing Myofibril ATPase Activity Between 


Control and Diabetic Animals With Calcium - EGTA 


Diabetic 
0.064 


0.006 


Trained 
0.062 


0.002 


Trained 
0.048 


0.002 


Table D-D: 


Summary of t-tests Comparing Myofibril ATPase Activity Retween _ 


Trained and Untrained Non Diahetic Animals with EGTA 


0.04 mM Mgté S.E.M. 
OF 


t-vaiue 


1.0 mM Mg*t2 


10.0 mM Mgt2 


Control 


Control 
0.036 


0.004 


Oeo 


Control 


0.044 


0.008 


-1,.62 


Trained 
0.042 


0.003 


Trained 
0503/7 


0.003 


Trained 
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Summary of t-tests Comparing Myofibril ATPase Activity Between | 


Conteol. and Drabetic Animals: With EGTA 


0.04 mM Mg*¢ 


Mean 


t-value 


Control 


1.0 mM Mgt? 


10.0 mM Mgt2 


t-value 


Mean 


Control 
0.036 
0.004 
6 


3.356* 


Control 
0.044 


0.008 


Diabetic 
0.005 


0.002 


Trained 
0.014 


0.0015 


Trained 
0.017 


0.0018 
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Table D-F: Summary of t-tests Comparing Myofibril ATPase Activity Between 


Diabetic Sedentary and Diabetic Trained Animals With EGTA 


Control Trained 
Mean 0.022 ORS Se, 
0.04 mM Mgté S.E.M, 0.025 0.002 
DF 6 
t-value =o 07" 
Control Trained 
Mean 0.021 0.014 
1.0 mM Mgt2 S.E.M. 0.0015 0.0015 
DF 6 
t-value =) 14 
Control Trained 
Mean 0.020 OLOny 
10.0 mM Mgt4 S.E.M. 0.002 0.0018 
DF 6 


t-value -1.48* 
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Table E-A: Summary of t-tests Comparing Heart Weights Between the Groups 


t-value 


Mean 
Se aM: 
DF 


t-value 


Mean 
Scat. 
OF 


t-value 


Control Trained 
LAY 1,128 
0.049 0.036 
6 
0.49 

Control Diabetic 
ete 0.869 
0.049 0.046 
6 
4.90* 


Diabetic Control Diabetic Trained 


0.869 Oi O19 
0.046 0.057 
6 

-0.47 
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Table E-B: Summary of t-tests Comparing Body Weights Between the Groups 


Control Trained 
Mean 468.5 406.8 
etext la aes P33 
DF 6 
t-value oe] * 

Control Diabetic 
Mean 468.5 300%33 
Sees aay 16.08 
DF 6 
t-value 1aoee 


Diabetic Control Diabetic Trained 


Mean 80033 Po bese) 
Se eM. 16.08 20.93 
OF 6 


t-value 07547 
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Table E-C: Summary of t-tests Comparing Heart Weight to Body Weight Ratios 


Control Trained 
Mean 2.47 Cee 
o5EE 0.092 0.040 
DF 6 
t-value 3.307 

Control Diabetic 
Mean 2.47 2090 
Sie. 0.092 0.08 
DF 6 
t-value os nae* 

Diabetic Control Diabetic Trained 

Mean 2290) 2.3) 
SBM 0.08 0.082 
DF 6 
t-value Oca 
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Table F-A: Three Way ANOVA on Plasma Glucose Levels at 1, 4, and 8, weeks 


in Diabetic Control and Trained Diabetic Animals. 


Source of Sun Of | =Mean of Degrees of fF ratio. p 


Variation __—_— Squares SqUches et reedOms ee ee 
Groups 0.13314500 6657.25 2 0253 0.597 
Error 0.18/729863 12486.57 15 


Table F-B Summary of t-tests Comparing Diabetic Control and Diabetic 


Swim Trained Animals 


Control D Trained D 
Mean 9102.0 748.0 
1 Week SSEAue 76.09 32,0 
Plasma Glucose ODF 6 
t-value =25.30" 


Control D Trained D 
Mean 63155 742.8 
4 Week Seis BO 20) var 
Plasma Glucose ODF 6 
t-value 0,670 
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Control D Trained D 
Mean (PARAS 688 .0 
8 Week Smee. 66 40.4 
Plasma Glucose ODF 6 
t-value 1218 
Control D Trained D 
Mean 6309.00 6886 
8 Week Smbwth. Ooueo 227 
Urine Glucose DF 6 
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